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Evaluation of Oxidative Degradation Mechanism of Corrugated High Density Polyethylene Pipe 
and the Pipe Resin 
Wai Kuen Wong 
Y. Grace Hsuan, Professor 
 
High density polyethylene (HDPE) pipe has become one of the fastest growing 
engineering products.  However, HDPE is susceptible to oxidative degradation which leads to 
strength loss and brittle cracking.  This research is to evaluate some of the factors such as 
exposure environments, antioxidants (AO) package(s), and carbon black (CB), which affect the 
rate of degradation.  Two types of materials were selected: (1) custom made HDPE plaque with 
known AO(s) concentrations and/or CB (2) commercially available corrugated HDPE pipes.  
Samples were subjected to air, water, aerobic, and anaerobic environments.  Oxidative induction 
time (OIT) test is used to monitor the AO depletion; Fourier Transform Infrared (FTIR), melt 
index (MI), and tensile test are implemented to evaluate the change of polymer structural and 
physical strength. 
For the custom made samples, effects of primary AO (I-1010), secondary AO (I-168) and CB on 
oxidation behavior were evaluated.  The combination of 2:1 ratio of I-168 to I-1010 is proven to 
be less effective against thermo-oxidation compared with other AO combinations.  Depending on 
the type of AO, OIT depletion trend in water can be expressed in two term first order reaction 
which represents the hydrolysis and diffusion mechanism.  Strong interaction between AO and 
CB were found, causing a rapid decrease of OIT, ultimately leading to faster degradation.  CB 
loading and particle sizes also found to have an impact on OIT retained. 
1 
 
Chapter 1   BACKGROUND AND INTRODUCTION 
 
1.1 INTRODUCTION 
Nowadays, polymeric engineering products, such as geosynthetics and plastic pipes, are 
widely used in civil and environmental applications.  As expected from conventional engineering 
materials, polymeric engineering products are required to maintain their design properties 
throughout the service life of the structure system which can range from tens to hundreds of years 
depending on the application.  In order to ensure the service life of the polymeric materials, 
additives such as antioxidant (AO) and carbon black (CB) are added to delay the onset of the 
oxidation and protect the product from ultraviolet (UV) degradation.  Since the longevity of these 
polymeric products has not yet been well established in the field, laboratory tests have been 
carried out to assess their long-term performance, including lifetime prediction.  In 1980, several 
durability studies focused on the geosynthetics, particularly those used in landfill applications.   
The oxidation degradation of HDPE geomembrane was assessed by being exposed to air and 
water environments at elevated temperatures.  The depletion of AO was found to be exponentially 
decreased with aging time for oven incubated samples whereas a rapid decrease in OIT was 
observed for samples incubated in water. (Hsuan and Koerner, 1998; Rowe and Sangam, 2002; 
Muller and Jakob, 2003).  Based on the AO depletion rate, the lifetime of AOs was predicted for 
different incubation environments, including a landfill simulator (Rowe and Rimal, 2008).   
In the last 15 years, corrugated plastic pipes, particularly pipes made from the high 
density polyethylene (HDPE), have become one of the fastest growing engineering products due 
to the low cost, light weight, flexibility, and chemical resistance.  The physical and mechanical 
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properties of the HDPE resin used for the corrugated pipe are classified according to ASTM 
D3550, . 
Table 1-1.  The cell classes are 435400C, see Table 1-2.  Generally, the service life of 
corrugated HDPE pipe is 50 years as implemented by the departments of transportation, and thus 
prohibits their use in some major highway structures that required longer service life.  For 
example, cross drains under interstate highways require a 100-year service life.  In 2003, 
corrugated HDPE pipe manufacturers proposed to extend the service life of their products from 
50 to 100-years.  Subsequently, Florida Department of Transportation (FDOT) initiated a project 
to develop test protocol to assure the long-term properties of corrugated HDPE pipes.  Phase I of 
the project concentrated on the stress cracking resistance of the pipe resins and pipes, and the 
results have been implemented into specification (Hsuan and McGrath, 2005).  The Phase II of 
the project focuses on the oxidation resistance of the pipe which is the scope of this research 
study.  
The research study is to evaluate the oxidation resistance of HDPE resins used for the 
corrugated pipe, and the finished corrugated pipe.  The study includes three parts: the oxidation of 
HDPE pristine resin, the oxidation of HDPE pristine resin blended with carbon black, and the 
oxidation of corrugated HDPE pipes.  In order to understand the oxidation behavior of HDPE 
resin and pipe, a brief description of polyethylene, mechanism of oxidation, and the functions of 
AO and carbon black are presented below. 
3 
 
Table 1-1 ASTM D3550
 
 
Table 1-2 Cell classification for Corrugated HDPE Pipes according to AASHTO M294 
 Density Melt Index Flexural Modulus 
Yield 
Strength ESCR HDB 
ASTM 
Method D1505 D1238 D790 D638 D3895 D2837 
 (g/cc) (g/10 min) (psi) (psi) (psi)  
 4 3 5 4 0 0 
 > 0.9475 – 
0.955 










Polyethylene (PE) has a simple long chain structure with a repeating unit,-(CH2)-n, 
carbon atoms with two hydrogen atoms.  Its physical properties are greatly dependent upon the 
chain length, structure, and density.  Basically, there are three main kinds of polyethylene, low 
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density polyethylene (LDPE), high density polyethylene (HDPE), and linear low density 
polyethylene (LLDPE) (Bower, 2002; Sperling, 2001).  However, this research is focused on 
HDPE. 
HDPE is a semi-crystalline polymer which consists of amorphous (disorder region) and 
crystalline ordered structure phases.  Polymer crystals are formed by a molecular chain which 
folds itself into a long thin ribbon.  These crystals, also called lamella, continue to grow to form 
spherulites.  The degree of crystallinity plays an important role in the physical properties such as 
the strength and the diffusivity of the polymer.  Figure 1-1 shows the relationship between 
material properties and density.  Clearly the density (or crystalline structure) can greatly influence 
the material properties.  One of the most pronounced effects is the stress crack resistance which 
has been intensely studied in the past 30 years.  
 
 
Figure 1-1  Density of PE and the mechanical properties 
 
 Additional to the stress crack resistance, density also plays an important role in the 
oxidation process and the diffusivity of PE.  If small amounts of tie molecules, which are 
molecular chains linking two adjacent crystallines, are broken by the oxidation reaction, the 























During oxidation, both chain scission and cross linking have been detected, and they can lead to 
different effects on the polymer structure.  Chain scission is rupture of polymer chain segments 
and leads to lowering the molecular weight (Meltzer and Supnik, 1964, Winslow et al., 1966, 
Scheirs et al., 1991).  When the change of the molecular structure reached to certain critical level 
at which the mechanical properties start to alter.    
Furthermore, the crystalline can also influence the diffusion rate, since they act as 
barriers and increase the tortuous diffusion path.  If crystallinity can increase without introducing 
defects, the diffusion coefficient and solubility of the polymer will decrease (Schlotter and 
Furlan, 1992, Muccigrosso and Phillips, 1978, Phillips, 1978, Keith et al., 1971, Ryan and 
Calvert, 1982; Klute, 1959).  In addition the size of crystallite and the orientation of polymer can 
influence the diffusion characteristics as well as the mechanical properties (Lasoski et al., 1959; 
Prevorsek and Sharma, 1974).  It is widely believed that oxidation most likely takes place in the 
amorphous phase.  Rapoport et al. (1975) demonstrated that the molecular mobility within the 
amorphous phase plays a vital role in oxygen diffusion and is temperature dependent.  Rogers et 
al., (1960) showed that the absorption and diffusion of organic vapor into varies types of 
polymers (branched and linear) are related to the amorphous content of the samples.  A two-phase 
model was introduced by Michaels and Parker (1959) expressing that the solubility is 
proportional with the volume fraction of the amorphous phase.  Michaels and Bixler (1961) gave 
a detailed study of semicrystalline polyethylene which concluded that the diffusion constant is not 
only dependent on the volume fraction of the amorphous phase, but also the size and distribution 
of crystallites.  They introduced two independent variables to determine the diffusion coefficient 
which account for the chain immobilization factor and geometric impedance factor.   
The research studies above not only showed the polymer structure affected the physical 
and mechanical properties, but also the influenced the chemical reaction of degradation and 
oxygen diffusion.  
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1.3 OXIDATION  
Despite many advantages, HDPE is susceptible to oxidative degradation which will lead 
to strength loss and embrittlement.  Oxidation degradation can take place rapidly in the 
unstabilized pristine HDPE resin; the predicted lifetime is approximately 35 year at 20oC in air 
(Hsuan, et al., 2005).   
The oxidation of PE can be simplified into six free radical reactions, Eq. (1.1) to (1.6) 
(Grassie and Scott, 1988).  Equation (1.1) is the initial step which might occur during processing.  
With the presence of oxygen, free radicals attack polyethylene chains and generate peroxide 
radicals, Eq. (1.2), which usually is faster than other potential reactions.  Equation (1.3) shows the 
peroxide reacting with hydrogen atoms from the polymer and forming hydroperoxides and other 
free radicals.  Since this reaction involves breaking a hydrogen bond, it requires higher activation 
energy.  The reaction rate of Eq. (1.3) then becomes the rate determined step of overall oxidation 
reaction.  Further reactions of hydroperoxide which generate more radical species are shown in 
Eqs. (1.4) to (1.6).  Once the free radicals are initiated, the oxidation becomes auto-catalytic and 
the reaction rate increases exponentially with time.  Figure 1-2 shows the oxidation reaction rate 
in terms of oxygen absorption of HDPE.  The induction period corresponds to the acumination of 
free radicals, particularly peroxides.  
 
RH  →  R • +  H• (1.1) 
R•  +  O2  →  ROO• (1.2) 
ROO •  +  RH  →  ROOH  +  R•  (1.3) 
ROOH  →  RO•  +  OH• (aided by energy) (1.4) 
RO•  +  RH  →  ROH +  R•  (1.5) 










1.4 FUNCTIONS OF ADDITIVES 
 
 In order to protect HDPE products from oxidation degradation and extend their service 
life, antioxidants (AOs) are added to the polymer.  The function of AOs is to neutralize free 
radicals and protect polymer from oxidizing.  The types of antioxidants and service ambient 
conditions can have significant impact in the lifetime of the plastic pipes.  Other than AOs, CB 
has been added to many PE engineering products for sunlight protection.  
 
1.4.1 Carbon Black 
Carbon black (CB) can be produced by either combustion or thermal decomposition 
process.  Types of CB and their particle sizes are defined by the manufacturing processing such 
as furnace black (17-70nm), impingment black (10-27 nm), thermal black (150-500nm), lamp 
black (50-90nm) and acetylene black (35-50nm) (Allen et al., 1998).  Those processes are 






























hydrocarbon feedstock such as oil or natural gas to produce carbon particles.  These current 
manufacturing techniques are able to keep the price of CB very low.  One of the disadvantages is 
the high level of atmospheric emission, CO2, SO2 and NOx, during the processing.  Recently, an 
alternative processing was developed based on plasma technology to produce CB – plasma 
carbon black to minimize CO2 and other pollutant such as SO2 and NOx being generated (Fabry et 
al., 2001; Fulcheri et al., 2002).  Zielinski and Kijenski (2005) compared the performance of a 
commercial cable PE (2.6% furnace CB) with various concentrations (from 0.1 to 1.0%) of 
plasma CB in PE.  They found that the plasma black can enhance the physical and chemical 
properties (e.g. break stress, OIT) of PE with less amounts of CB.  However, the plasma 
processing for mass production of CB is still being developed and the performance of this 
particular CB is not included in our scope of study. 
The typical CB that is added to HDPE geosynthetics and corrugated pipes is furnace 
black.  In general, CB is categorized into different grades base on CB properties (Mwila et al., 
1994; Donnet et al., 1993, Medalia and Heckman, 1969; Gruber et al., 1993; Lahaye and 
Ehrburger-Dolle, 1994): 
i) particle size and surface area – is the individual dimension of CB particle, ranging from 
10 to 300nm.   
ii) aggregate size and structure – aggregate is formed by fusing number of particles together.  
High structure means highly branched chain with high void ratio.  Low structure contains 
fewer particles and is more compact. 
iii) surface chemistry – during the manufacturing process, oxygen containing compound 
including carboxyl, quinone, lactone and phenolic groups are formed on the CB surface 
during oxidation.  In addition, other atoms such as chlorine, nitrogen and sulfur are also 
being introduced into the CB.  Among all the chemical components, functional groups 
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with oxygen at the CB structure are the most influential which can govern properties such 
as electrical, catalytic, wettability, and chemical reactivity.   
 
In general, a concentration 2-3% of CB is added for pigment and ultraviolet (UV) 
protection.  However, the effectiveness of the protective function is affected by particle sizes, 
aggregate size/structure and dispersion of CB in the polymer.  Figure 1-3 shows the structure of 
CB and the corresponding UV absorption.  
 
 
Figure 1-3  Relations of carbon black particle sizes, dispersion and UV absorption 
 
 The main purpose of adding CB to the polymer is for ultraviolet protection (Kovacs and 
Wolkober, 1976; Chirinos-Padron, 1989; Allen et al., 1985; Margolin et al., 1985); however, it 
also functions as a mild antioxidant to delay oxidation (Watson, 1955, Hawkins et al., (a) and (b), 
1959, Pleshanovet et al., 1982; Shelton and Wickham, 1957; Winn et al., 1946).  It is believed 
that functional groups such as quinone, phenolic hydroxyl, and carboxyl, on the CB surface can 












Hawkins, 1984).  The surface chemistry of oxygen functional groups on CB is particularly 
important as a contributing stabilizer because these groups can interact with free radicals and 
delay oxidation.  This phenomenon was proven by Kovacs and Wolkober (1976).  They found 
that by increasing oxygen contained surface groups and the surface area of CB, the function of 
AO against thermo oxidation increased.  Figure 1-4 shows a typical structure and the possible 
chemical groups that are contained in CB.  Chemical groups and structures attached on the 
surface of CB are mainly dependent upon the manufacturers, processing conditions, and 
additional treatments such as liquid phase oxidation and chemical method, etc. (Wypych, 2000).    
 
 
Figure 1-4  Typical carbon black structure (Hawkins, 1984) 
 
1.4.2 Antioxidant 
Because HDPE is susceptible to oxidative degradation, it is essential to protect the 
polymer during the high temperature manufacturing process and prolong their service lifetime.  
Depending on the application of the HDPE product, the formulation of AOs can be tailored for 
specific environment.  However, two main categories, primary and secondary AOs, are classified 
based on the reaction mechanism during degradation.    
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The purpose of antioxidants is to interrupt the series of free radical reactions (recalled Eq. 
(1.1) to (1.6)) that cause the degradation of the polymer. AOs are designed to interrupt specific 
oxidative reactions, as illustrated in Figure 1-5.  The primary antioxidants stabilize the polymer 
by trapping or deactivating the free radical species after they are formed.  Some primary 
antioxidants function by donating electrons, at location (a), (b) and (d) in Figure 1-5. The 
electrons react with free radicals ROO•, RO•, and •OH, converting them to ROOH, ROH, and 
H2O, respectively. Other primary antioxidants are electron acceptors, location (a) in Figure 1-5. 
They convert alkyl free radicals (R•) to form a stable polymer.  Secondary antioxidants are 
designed to decompose hydroperoxides (ROOH), preventing them from becoming free radicals, 
(location (c) in Figure 1-5. The chemical reactions change the ROOH to a stable alcohol (ROH) 
(Grassie and Scott, 1988).  
 
 
Figure 1-5  Oxidation Cycle in Polyethylene (Grassie and Scott, 1998) 
 
 
Numerous research studies have been conducted to examine assorted aspects of AO in 
polymer.  Some studied the solubility and migration of AO in polyolefin (Chang, 1984; 
Billingham et al., 1981; Boersma et al., 2003).  Gandek et al., (a) and (b) (1989) investigated the 
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mass transfer of phenolic antioxidant from polyethylene to water.  They developed a 
mathematical modeling to analyze the migration process from the polyethylene to a finite volume 
of poorly stirred water.  One of the conclusions stated that the diffusion/mass transfer controlled 
the initial migrant.  After that, the relative solubility of AO in solid and aqueous phases, which 
was represented by the partition coefficient, determined the rate of reaction.   
Others focused on the AO distribution within the polymer during the migration process.  
Lundback et al., (a) and (b) (2006) measured the concentration profile of phenolic AO in 
anaerobic and aerobic environments.  They found that polarity of stabilizer affected the AO loss 
rate.  One group of researchers used the AO profiles to develop a mathematical modeling to 
predict the AO loss (Karlsson et al., 1992; Viebke et al., 1997; Viebke et al., 1998). 
Some studies concentrated on the interaction between different types of AOs.  Besides 
primary and secondary antioxidants, other kinds of chemical compounds are designed to protect 
polymer for specific functions, such as UV stabilizers (HALS and UV absorbers) and metal 
deactivators.  Most of the AO packages nowadays contain more than one compound to enhance 
the performance.  Researchers found that by adding a mixture of AOs which operate at the same 
antioxidant mechanism can attribute to regeneration of the more effective chain breaking donor 
antioxidant.  A similar synergism effect can also be observed by involving AOs that react in a 
different mechanism such as chain breaking donor (primary) AO conjunction with peroxide-
decomposing (secondary) AO.  On the other hand, antagonism effect was also reported, for 
examples: HALS/Phenolic AO; HALS/Thiopropionate.  (Chirinos-Padron, A.J., 1989; Chirinos-
Padron, A.J., 1987; Pospisil, J., 1988; Minagawa, M., 1989; Hamid et al., 1992). 
However, AOs cannot prevent oxidation occurring in the polymer.  Their function only 
delays the process.  Figure 1-6 shows the three conceptual stages of the oxidation process of 
HDPE with and without AOs (Hsuan and Koerner, 1998).  Stage-A corresponds to depletion of 
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AOs, Stage –B induction period, and Stage-C degradation of polymer.  At stage-A, AO reacts 
with free radicals or peroxide and is being consumed during the process.  The duration of this 
period depends on AO package and the environments.  Stage-B is the early state of autoxidation; 
however, this period is not clearly defined.  At stage-C, the oxidation of the polymer propagates 
rapidly and leads to property changes.  The duration of Stage-C is arbitrary defined as the time to 
reach a 50% drop in certain material property.  One of the focuses in this research is to correlate 









1.5 INCUBATION CONDITIONS 
The exposure environment, either in air or water, can have a direct impact on the AO 
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antioxidants
B = induction time to onset 
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conducted by a team of researchers (Smith et al., 1992, Viebke et al., (a) 1996, Viebke and 
Gedde, 1997, 1998); they evaluated the effects of AO diffusion and precipitation of PE hot water 
pipe.  Regimes-A and -B were proposed to represent the loss of antioxidants, as shown in Figure 
4-1.  Regime-A corresponded to early incubation period during which rapid AO loss was detected 
under the test condition.  Regime-B mainly involved migration mechanism of AO.  Haider and 
Karlsson (2002) examined the loss of primary and secondary AO from MDPE film subjected to 
varied environments, including open air and direct sunlight at ambient temperature, compost, and 
aqueous media at pH 5 and pH 7.  Their results indicated that samples exposed to air and sunlight 
exhibited the highest AO loss, approximately 62% reduction after 4 years; followed by aqueous 
environments which consumed about 59% of AOs in water at pH 5 and 57% in pH 7.  The 
authors explained the rapid consumption of AOs in air and sunlight were related to the relatively 
high oxygen content in air, UV exposure, and the formation of hydroperoxides.  Similar results 
were found by Allen et al. (1990) and Moore et al. (1988) in polyethylene water pipes.  They 
exposed pipe samples to air and water at different temperatures as well as outdoor environments.  
The AO depletion was measured using OIT which changed across the thickness of the pipe with 
aging time.  Their results indicated that the most severe degradation occurred at the outer surface 
of the pipe exposed to air and outdoor environment.  In addition, the density near the surface 
layer was found to be much lower than the interior.  They concluded that AOs depleted much 
faster at the less dense surface, since oxygen could be readily diffused into that region.  However, 





Figure 1-7 Regime A and B model was proposed by Viebke and Gedde, 1997 
 
Since corrugated HDPE pipe is the focus of this study, the incubation environment should 
simulate the field condition.  Two incubation media, forced air oven and water bath, were used to 
simulate the oxidation processes in the field.  In addition, elevated temperatures were used to 
accelerate the oxidation reactions.  For the forced air oven condition, three to four temperatures 
(55, 65, 75, and 85oC) were applied to accelerate the thermo-oxidation process.  Samples were 
hung with 1 inch spacing to ensure a constant exposure to oxygen.  For the water bath condition, 
three temperatures from 65 to 85oC were used.  Samples were immersed in a water bath and air 
was constantly purged into the water to maintain oxygen content as well as circulated the water.   
In addition to water and air incubations, nitrogen and de-aired water incubation media 
were also implemented to evaluate the oxidation under an anaerobic environment.  For nitrogen 
gas condition, samples were placed in pressure cells and nitrogen gas was continuously purged 
into the cells for 5 minutes to replace the air.  The cells were then sealed and pressurized to 5 to 
10 psi and placed inside the oven at elevated test temperature.  For de-aired water condition, tap 
water was filled half into the pressure cells and nitrogen gas was purged into the water for 5 
minutes to ensure low oxygen content.  The oxygen level in de-aired water was measured 0.78 ± 
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0.13 mg/l compared with 6.72 ± 0.36 mg/l for regular tap water at room temperature.  Samples 
were then suspended in the de-aired water by hanging from the metal bar inserted inside the cells 
above water level.  The remaining space above the water was flushed and pressurized with 
nitrogen gas at 5-10 psi.  Finally, the pressure cells were sealed and placed on top of a stirrer in a 
forced air oven at the desired test temperature.  Water in the cells was circulated by a magnetic 
stirrer to prevent accumulation of AO at the sample’s surfaces. 
 
1.6 TEST METHODS 
In order to monitor the mechanical, chemical, and structural changes of HDPE during the 
thermo-oxidation process, several test methods were used to evaluate the oxidation mechanism.  
Table 1-3 lists each of the test methods and the purpose of the test.  Brief descriptions and test 
procedures are given in the following subsections.  
 
Table 1-3 Summary of test methods for evaluating sample’s properties 
Test  ASTM Property being Tracked 
Standard Oxidative Induction 
Time (OIT) 
D 3895 Relative amount of 
antioxidants 
High Pressure Oxidation 
Induction Time (HP-OIT) 
D 5995 Relative amount of 
antioxidant 
Fourier Transform Infrared 
(FTIR) 
N/A Chemical changes in polymer 
structure 
Melt index (MI) D 1238 Molecular weight 
Tensile  D638, Type V Tensile break elongation 
 
 
1.6.1 Oxidative Induction Time 
Oxidative Induction Time (OIT) is one of the frequently used methods for evaluating the 
thermal oxidative stability of HDPE.  The OIT test is performed using a differential scanning 
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calorimetry (DSC), which monitors the heat flow changes of the test sample throughout the 
programmed condition.  Figure 1-8 shows a simplified configuration of DSC cell used for the 
standard OIT test.  In the cell, there are two platforms: one for the reference and the other is for 
the sample.  Usually, an empty pan is placed on the reference platform.  Temperatures of both 
platforms (Tr for reference temperature and Ts for sample temperature) are measured separately 
during the experiment.  Differential technique is used to determine the heat flow into the sample 
(which is proportional to the ΔT = Tr –Ts) and to equalize the heat gain or loss between the 
reference and sample (Wunderlich, 2005).  The Tzero thermocouple assesses the temperature 
between the two platforms and acts as a furnace control senor. 
 
 
Figure 1-8  DSC cell configuration based on TA instrument Tzero cell  
 
 
Two types of OIT tests are used in this study: standard oxidative induction time (Std-
OIT) test (ASTM D3895) and high pressure oxidative induction time (HP-OIT) test (ASTM D 
18 
 
5995).  The Std-OIT test is more commonly used by the plastic industry than HP-OIT as a quality 
control test to assure consistency of AO in the products.  The Std-OIT test was able to monitor 
the consumption of hindered phenol types of AOs in PE (Hsuan and Guan, 1997).  The test 
therefore has been incorporated in various product specifications (GRI-GM13).  
The HP-OIT test requires an isothermal temperature of 150oC for polyethylene.  As 
pointed out by Tikuisis et al. (1993), there are two main benefits to the HP-OIT test.  First, the 
high pressure suppresses the volatility of the additives by elevating their boiling points.  This 
allows the test to be used for assessing AOs with a low boiling temperature, such as hindered 
amines.  Secondly, the acceleration induced by the high pressure compensates for the reduction in 
oxidation rate at the lower testing temperature; thus, reasonable test duration can still be achieved 
with the HP-OIT test. 
1.6.1.1 Std-OIT Testing Procedure 
The Std-OIT test was performed using TA instrument Q20 differential scanning 
calorimeter.  The instrument was calibrated using Indium (Tm = 156.6oC) and Tin (Tm = 231.9oC) 
as reference materials.  The test was carried out according to the procedure described in ASTM 
D3895.  A thin strip of specimen was cut from the sample and weighted to 3.5±1 mg.  The 
specimen was then placed in an open aluminum pan and heated under 5 psi gauge pressure of 
nitrogen at a flow rate of 50ml/min from room temperature to 200oC at a constant rate of 
10oC/min.  After isothermal for 5 minutes at 200oC, the gas was switched to oxygen at a 
50ml/min flow rate under 5 psi gauge pressure.  The test was terminated after an exothermal peak 
was detected.  The OIT was determined as the intercept of extended baseline and the tangent 




Figure 1-9 Std-OIT curve 
 
1.6.1.2 HP-OIT Testing Procedure 
The HP-OIT test was performed using TA instrument 2920 differential scanning 
calorimeter equipped with a high pressure cell.  The HP-OIT test was carried out according to the 
procedure described in ASTM D5995, using a constant volume procedure.  The high pressure cell 
was calibrated with Indium (Tm = 156.6oC) and Tin (Tm = 231.9oC) as reference materials.  A thin 
strip of specimen was cut from the sample and weighted to 3.5±1 mg.  The specimen was then 
placed in an open aluminum pan and heated under nitrogen pressure of 0.035 MPa (5 psi) from 
room temperature to 150oC at a constant rate of 20oC/min.  After isothermal for 5 minutes at 
150oC, the cell then pressurized with oxygen to 3.5 MPa (500 psi).  The test was terminated after 
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an exothermal peak was detected.  The OIT was determined as the intercept of extended baseline 
and the tangent exotherm slope, Figure 1-10. 
 
 
Figure 1-10 HP-OIT curve 
 
1.6.2 Fourier Transform Infrared (FTIR) 
FTIR is a technique that is used to collect infrared spectra of compound or materials.  In 
infrared spectroscopy, IR beam is passed through or reflected from the sample to the receptor.  By 
obtaining the IR spectra of the sample, specific chemical functional group can be identified.   
FTIR spectrum of polyethylene is shown in Figure 1-11, the peaks at around 2910 to 
2850, 1470 to 1460, and 729 to 719 are corresponding to anti-symmetric & symmetric stretching 
vibration, scissor vibration, and rocking modes of the CH2 structures.  In general, the products of 
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oxidation in PE are the carbonyl compounds such as ketones, aldehydes, carboxylic acids, esters, 
etc.  Those compounds can be detected at the range between 1630 to 1750cm-1, depending on 
which carbonyl species.  For example, ketones can be found at 1705-1725cm-1; carboxyl acid 
included one C=O stretching at around 1725 cm-1, accompany with C-O stretching at 1100cm-1, 
and a broad O-H band at around 3000cm-1.  Table 1-4 listed some of the common carbonyl 
compounds structures and their characteristic frequencies.  Figure 1-12 shows a summary of a 
few carbonyl compounds and their approximate range in FTIR spectrum. (Gunzler and Gremlich, 
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Many researchers utilized FTIR spectroscopy to identify the chemical changes in 
polymer structure.  Epacher et al., (a) and (b) (1999) monitored the relative concentration of 
methyl, vinyl, vinylene, and vinylidene groups (1376, 908, 965, and 890 cm-1, respectively) of 
HDPE during multiple extrusions.  The results showed the methyl and vinyl content decreased as 
the number of extrusion increased.  They suggested the reason for vinyl content changes might be 
due to the alkyl radicals reacting with the vinyl group and resulting in a decrease of the number of 
the groups and a decrease of MFI.  Mallégol et al., (2001) included ketone concentration to 
evaluate the effectiveness of different AOs on thermal and γ–initiated oxidation in HDPE.  
Fayolle et al., (2007) related the carbonyl concentration to strain at break on polyethylene.  Other 
researchers used FTIR as one of the indicators to reflect the degree of degradation (Abad et al., 
2004; Mendes et al., 2003; Khabbaz et al., 1999; Lin et al., 1995; Wang et al., 1996; Langlois et 
al., 1992; Severini et al., 1987). 
In this study, FTIR is used to detect chemical compounds that are produced from the 
oxidation degradation of the HDPE samples.  The IR spectra are collected by using Thermo 
Fisher Scientific Nicolet 6700 FT-IR spectrometer, Figure 1-13.  For analyzing the polymer 
surface, attenuated total reflectance (ATR) with Germanium crystal which has an average 
penetration depth of 0.66 microns is used.  In this technique, the IR beam travels into a crystal 
with an angle which is greater than the critical angle of the crystal, penetrates into the sample 
surface and reflects back to the receptor.  The penetration depth varies with the wavenumber. To 
quantify the extent of oxidation, carbonyl index, I, is used by calculating the ratio of the carbonyl 
group’s absorbance and the reference peak, see equation (7). 





Figure 1-13  Nicolet 6700 FT-IR spectrometer 
 
1.6.3 Melt Index (MI) 
MI is used to measure the mass flow rate of polymer under specific condition.  This is an 
qualitative test method to measure the molecular weight of a polymer.  Higher value of MI 
indicates a lower molecular weight of the polymer, and lower MI value means a higher molecular 
weight.  The MI result also can indicate the molecular changes due to oxidation such as chain 
scission or crosslining.  Moss and Zweifel (1989) studied thermo-oxidation of the two types of 
HDPE, Phillips and Ziegler.  The MI data indicated Philips type HDPE underwent crosslinking 
reaction while chain scission was the dominant factor for Ziegler type HDPE.  They concluded 
that the higher concentration of vinyl group in Phillip type HDPE reacted with alkyl radical was 
the reason for increased molecular weight during the extrusion process.  The MI test was also 
being used as a parameter to evaluate the effectiveness of the stabilizers (Pock et al., 2004; 
Epacher et al., (b), (c) 1999; Nagy et al.,2003; Hinsken et al., 1991) 
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The procedure of this test is performed according to ASTM D1238 under test condition 
of 2.16 kg/190oC using Dynisco D4002, see Figure 1-14.  Approximately three grams of material 
was heated to 190oC for six minutes in the MI device.  Then a 2.16 kg load was applied to extrude 
the molten polymer through the orifice.  The extruded material in six minutes is weighed and the 




Figure 1-14 Dynisco D4002 
 
 
1.6.4 Tensile Test 
Tensile test is one of the most common types of tests to evaluate the mechanical 
properties of the material under various types of loading.  Stress-strain curve is obtained from this 
test and different material properties such as Young’s Modulus, yield strength, and breaking 
strength can be determined using the curve.  As mentioned Section 1.4.2, the properties such as 
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elongation and stress at break unlikely to change until oxidation reaches Stage C (Hsuan et al. 
2005; Hsuan and Koerner, 1998; Mueller and Jakob, 2003).  However, the mechanism of the 
embrittlement is more complicated due to the semi-crystalline morphology and the change of 
polymer structure (chain scission or crosslinking) corresponding to oxidation (Fayolle et al., 
2007; Weon, 2010). 
Tensile tests were carried out in an Instron 4206 with 4450 N (1000 lb) load cell.  The 
specimen was cut using ASTM D638 Type V die.  The tensile specimens were tested at a strain 
rate of 50 mm/min (2 in./min).  The tensile properties, including yield stress and strain, and 
breaking stress and strain, were recorded. 
 
1.7 OBJECTIVES OF THE STUDY 
Oxidation degradation of polymer is a complex phenomenon.  Many factors such as the 
heterogeneous polymer structure, exposure environment, temperature, and manufacturing process 
conditions, all can affect the rate and/or type of degradation mechanism.  The interaction between 
AOs and CB can further complicate the oxidation process.  In this research study, some of the 
fundamental factors which affect the oxidation of HDPE are evaluated so that the accuracy of 
service lifetime prediction can be enhanced.   Each chapter of the thesis will be addressing 
specific issues that influence the oxidation behavior.  The objectives of the chapters in this study 
are listed below:  
Chapter 2: Antioxidant depletion behavior and oxidation in HDPE 
• Using OIT as an indicator to evaluate AO depletion and migration of two types of 
AOs at elevated temperatures in air and water conditions. 
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• Monitoring the polymer structural and chemical changes through MI, tensile and 
FTIR tests. 
• Evaluating the temperature effects on the AO depletion. 
Chapter 3: Interaction between CB and AO in HDPE 
• Incorporating various grades of CB to exam the effects of CB on AO depletion under 
different incubation environments, including air, water, nitrogen gas, and de-aired 
water. 
• Utilizing the described test methods to monitor the physical and chemical changes of 
the samples during thermo-oxidation.  Based on the collected data and observation, 
criteria or limitation should be established to indentify different stages of 
degradation. 
Chapter 4: Antioxidant depletion behavior and oxidation in HDPE corrugated pipe 
• Evaluating the performance of two commercially available HDPE corrugated pipes 
by using air, water, and water/air cycle testing environments to simulate the onsite 
condition. 
• Comparing the AO depletion trends and physical changes of the two corrugated pipes 
under various incubation conditions and temperatures. 
Chapter 5: Discussions and Conclusions 
• Discussing the factors which affect the oxidation of HDPE based on the results of 
Chapter 2, 3, and 4. 




• Defining the three oxidation stages (Stage A, B, and C) based on the data obtained in 
this research. 
• Predicting the AO lifetime and service life time by extrapolating the data to ambient 
temperature using Arrhenius model and Time Temperature Superposition method. 
Chapter 6: Evaluation of other types of AO, nano-composite and future study 
• Evaluating different types of AO depletion behavior in air and water at 85oC. 
• Examining the interaction between AO and nano-clay in air and water conditions at 
elevated temperature.   




Chapter 2  ANTIOXIDANT DEPLETION BEHAVIOR AND OXIDATION IN HIGH 
DENSITY POLYETHYLENE MOLDED PLAQUE 
 
2.1 INTRODUCTION 
As pointed out in Chapter 1, the function of antioxidant (AO) is to protect the polymer 
through the manufacturing process and delay oxidation to prolong the service lifetime. The 
durability of the products is greatly dependent on the AO.  However, the AO formulation used in 
commercial products including corrugated HDPE pipe is not made available to the public; thus, it 
would be very difficult to interpolate some of the test results as well as to understand the 
oxidation mechanism.   In order to understand the depletion behavior of different AOs, the test 
materials used in this part of the research were prepared with known AO formulations which 
consisted of different concentrations of Irganox-1010 (I-1010) and Irgafos 168 (I-168).  These 
two AOs are widely used in HDPE geosynthetics and corrugated pipe.  I-1010 is a hindered 
phenolic primary AO which is used as a long term stabilizer.  I-168 is a phosphite processing 
stabilizer which prevents degradation induced by high temperature and high shear manufacturing 
steps.  The structures of these two AOs are shown in Appendix A.  
Many AOs, including I-1010 and I-168, were studied for their performance by 
researchers.  Drake et al., (1990) prepared HDPE samples with various amounts of these two AOs 
and subjected in multiple extrusions.  They claimed that 1:4 ratio of phenol to phosphite AO 
exhibited the best protection against thermo-oxidation and preserved MI to its initial value.  
Dörner and Lang, (a) and (b) (1998) investigated the aging behavior of several types of AO 
combinations, including 1:1 ratio of I-1010 and I-168, in air and water environments.  The results 
of residual stabilizer content which was extracted by high performance liquid chromatography 
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(HPLC) indicated that the consumption of I-168 was faster than I-1010 in air incubation, while I-
1010 concentration level was lower than I-168 after exposed to water environment.  However, the 
authors pointed out that HPLC can only detect the un-reacted I-1010 molecule.  If any functional 
group (there are four phenolic groups in I-10101) has reacted, the HPLC cannot identify the 
stabilizer even though the remaining functional groups are still active.  They stated that the 
effective residual I-1010 concentration might be higher than the extracted value from the 
experiment. 
In this Chapter, long term performance of I-1010 and I-168 is examined in four different 
concentrations.  Depletion of these two types of AOs was evaluated under a range of elevated 
temperature.  The mechanical and chemical changes are also monitored by implementing the tests 
that were introduced in Chapter 1.  In addition, the temperature effect on the AO depletion rate 
was also evaluated. 
 
2.2 TEST MATERIALS AND INCUBATION CONDITIONS 
A pipe grade HDPE with a density of 0.953 g/cm3 was blended with I-1010 and I-168, in 
five formulations, see Table 2-1.  The different concentrations of AOs were designed to evaluate 
the effectiveness of AOs in air and water.   
 
Table 2-1. Formulation of blend samples 
Sample 
Antioxidant 
I-1010 (ppm) I-168 (ppm) 
Blend 1 (B1) 0 0 
Blend 3 (B3) 500 0 
Blend 5 (B5) 500 1000 
Blend 7 (B7) 1000 0 




First, resin pellets were prepared by blending PE fluff and appropriate amount of AOs in 
a laboratory scale single screw.  The resin pellets were then compression molded into plaques 
according to ASTM D4703, A1 at a cooling rate of 15oC/min.  The thickness of the plaques 
ranged from 1.8mm (0.071 inch) to 2.1mm (0.083 inch).  Each plaque was cut into samples with 
dimension of 75mm (3 inch) x 90mm (3 ½ inch) for incubation.  
Two incubation environments were used to assess the depletion of these AOs and their 
interactions.  To simulate the oxidation in air, samples were hung inside forced air ovens at 
temperatures of 55, 65, 75 and 85oC.  For water environments, samples were incubated in a water 
bath at a temperature of 85oC.  The details of the two incubation conditions were described in 
Chapter 1 Section 1.5. 
 
2.3 TEST RESULTS AND DISCUSSION 
2.3.1 Oxidation of Unstabilized HDPE 
The thermo-oxidation of the unstablized sample, B1, was examined in air and water 
conditions.  Since the sample does not contain antioxidants, the oxidation process should start 
from the beginning of Stage B and then proceed to Stage C, as indicated in Chapter 1 Figure 1-7.  
The oxidation is expected to proceed slowly at the beginning and then undergo auto-acceleration.  
The simplified free radical reactions of PE oxidation were briefly described by Equation 1.1 to 
1.6 in Chapter 1.  However, many factors such as the availability of oxygen, types of degradation 
(photo or thermo degradation), or even types of polymer can affect the chemical reactions during 
oxidation which can lead to different structural changes.  For example, under the same thermo-
degradation process, polypropylene underwent chain scission dominated reaction while both 
crosslinking and chain scission occurred simultaneously in polyethylene (Drake et al., 1990).  
32 
 
Grassie and Scott (1988) suggested a series of possible alternative reactions of alkyl radicals with 
PE under oxygen deficiency and oxygen excess conditions, see Figure 2-1.   
In order to monitor the structural and mechanical properties changes of B1 during the 
aging period, melt index (MI), tensile test, and FTIR are used. 
 
 
Figure 2-1 Alkyl radicals reaction with PE under (a) oxygen deficiency conditions;  
(b) oxygen excess conditions 
 
 
2.3.1.1 Melt Index Test Results 
As mentioned in Chapter 1 Section 1.6.3, MI can reflect changes in molecular weight 
which indicates the dominant degradation mechanism in either crosslinking (decrease in MI) or 
chain scission (increase in MI).  To compare the effect of incubation environment in polymer 
structure, the changes of MI with time of B1 in water and air at 85oC were superimposed in 























indicated chain scission is the dominant mechanism.  Such result is expected due to the 
availability of oxygen in the air.  It was known that the amount of oxygen can affect the type of 
reaction.   
In contrast, the change of molecular weight during water incubation seems to be more 
complicated than in air.  Data showed a constant decrease of MI for over 80 days (from 0.156 to 
0.091 g/10min.) then a rapid increase at 95 days (0.694 g/10min.) in the water environment.  Due 
to the low oxygen content in 85oC water (approximately 3mg/l), the initial decrease of MI can be 
explained by the chemical reactions under oxygen deficient environment which has the tendency 
of crosslinking/chain-branching in PE, see Figure 2-1 (a).  However, the reason for sudden 
increases of MI afterwards is not clear.  One can only speculate if a critical limit of chain 
branching exists within a polymer structure.  Another possibility might be that the polymer 
structure changed to a critical point which starts to further degrade during the MI testing. 
The MI result in water incubation is very unusual.  Most of the published data showed 
one directional increasing/decreasing value of MI under an anaerobic condition such as multiple 
extrusion experiment.  Only one paper reported a complete reversal trend of MI behavior during 
water incubation.  Kriston et al., (2008) submerged sets of unstabilized HDPE samples which 
were extruded 1, 3, and 6 times into 80oC distilled water for over a year.  They found the sample 
only extruded once exhibited the clearest tendency of properties change in opposite direction with 
ageing time.  Their MI result of the sample (extruded one time) indicated an increasing trend at 3, 
5, and 7 months and which then suddenly dropped back down to  low MI value at 9 and 12 
months.  Since they only obtained two data points between 0 to 3 months, the initial decrease of 
MI observed from our study cannot be compared with their results.  No clear explanation was 




Figure 2-2 Melt Index of B1 in water air and water incubation at 85oC 
 
2.3.1.2 Tensile Test Results 
The strength of polyethylene mainly correlates to the chain drawing of entanglement 
networks.  Oxidation reactions described in Chapter 1 and above will change the molecular 
weight of the polymer through chain scission and/or crosslinking ultimately weakening the 
strength of the material.  Tensile breaking strain (or elongation) is highly sensitive to molecular 
chain changes and was then selected as an indicator to monitor the oxidation degradation process.  
In Figure 2-3, tensile breaking elongation retained against incubation time at 65 to 85oC of oven 
incubation was plotted.  Data show that the oxidation rate increased with incubation temperature.  
The slight fluctuation value during ageing might be due to heterogeneousness of the oxidation.  
Semi-crystalline polymer such as HDPE consists of both crystalline and amorphous phases.  
Oxygen diffuses into the amorphous phase much easier than the crystalline phase due to its 
random structure.  As a result, oxidation mainly occurs in the amorphous phase (Grassie and 
























Figure 2-3 Breaking elongation of B1 at 65, 75, and 85oC oven incubation 
 
The tensile property of the samples incubated in air and water environments at 85oC are 
plotted in Figure 2-4.  In air, B1 dropped to 20% of its initial breaking elongation after 30 days 
incubation, while it took 80 days for the samples in water incubation to reach 20% retained.  The 
lack of oxygen contributed to the slower degradation rate in water.  The results clearly showed 
the presence of oxygen indeed played an important role on oxidation. 
 
 


























































The percentage retained of MI and tensile property of the two incubation environments 
are shown in Figure 2-5.  MI remained at about 100 ± 5%for the first fourteen days in air 
incubation.  However, MI dramatically increased while tensile elongation dropped to 50% 
retained.  In water environment, the MI decreases as the breaking elongation decreases.  
Regarding the unusual behavior of MI in water, data showed the tensile property already dropped 
to a significant level, 20% retained, when the MI change over point occurred.  The result might 
indicate that the polymer already degraded to the critical point as the degradation mechanism 
starts to change. 
 
 
Figure 2-5 Breaking elongation and MI retained of B1 in (a) air (b) water  
 
2.3.1.3 Fourier Transform Infrared Test Results 
To further confirm the oxidation degradation, the sample’s surface was examined using 
FTIR to detect the presence of carbonyl groups.  Brief descriptions of FTIR and identification of 
the most common carbonyl compounds were presented in Chapter 1 Section 1.6.2.  There are 
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Figure 2-6 shows the superimposed FTIR spectra of B1 at 85oC oven samples from 0 to 
30 days.  An absorption peak at 1726 cm-1 corresponding to ketones was detected after 5 days 
incubation.  In order to quantify the extent of oxidation, intensity of absorbance peaks 1726cm-1 
and 2850cm-1 were measured. The wave number 2850cm-1 which represents CH2 symmetric 
stretching absorptions was selected as a reference band.  Carbonyl index, I, was calculated using 
equation (2.5). 



































Data show that the intensity increased with incubation time, from 0.071 to 0.0876 (value 
of I is also indicated on the spectrum in Figure 2-6).  The other peaks around 1100 to 1300 cm-1 
might attribute to C-O stretching which indicate that ether might be formed.  Similar spectra were 
also found at 65oC samples, see Figure 2-7.  Mallégol et al., (2001) also found the kentones 
formation increased with time.  However, other carbonyl compounds such as γ-lactones (1770 
cm-1), free alcohols (3625 cm-1), and hydroperoxides (3200 cm-1) were not observed in our 
samples.  The reason might be due to different degradation mechanisms; they used γ–irradiation 
to accelerate the oxidation while thermo-oxidation was utilized in this study. 
In order to scan the subsurface of the degraded sample, approximately 0.15mm of the top 
layer of the sample was removed, and no carbonyl compounds were detected below the surface of 
the samples.  
 
 







Figure 2-7 FTIR of B1 in 65oC oven from 0 to 30 days 
 
Different IR spectra were obtained between water and air samples.  Figure 2-8 shows the 
spectra of degraded samples which have breaking elongation retained less than 20%.  No distinct 
peaks of carboxylate groups (1700-1740 cm-1) or C-O stretching (1100-1300 cm-1) were detected 
in water incubation samples.  The result suggests that under oxygen deficient environment, 
crosslinking/branching was the dominant degradation mechanism which is consistent with the 









Figure 2-8 FTIR of B1 aged samples in 85oC air and water 
 
2.3.2 Oxidation of Stabilized HDPE 
Many AOs are designed for specific functions such as processing stabilizer, primary AO, 
and UV stabilizer to protect the polymer during processing as well as their end using 
environment.  Depletion/consumption of AO can be caused by two mechanisms: chemical 
reaction and physical loss.  In this section, loss/consumption of AO for the two incubation 
environments at various temperatures was evaluated.  The decrease of AO quantity was 
monitored by using two OIT tests.  The Std-OIT test was applied to the majority of the 
evaluation, while HP-OIT test was used to distinguish the effect of processing stabilizers on the 









2.3.2.1 Antioxidant Depletion 
Sample preparation – AO consumption 
When polymer subjected to a processing step such as extrusion or compression modeling, 
the high temperature and/or shear action can induce chemical reactions even in an oxygen 
deficient environment.  Due to the lack of oxygen, not all alkyl radicals can be converted to 
ROO•.  Figure 2-1 (a) already illustrated two possible reactions.  Other reactions, (2.6) and (2.7) 
were also suggested by other researchers (Hinsken et al., 1991, Grassie and Scott, 1985).  
Equation (2.6) reactions lead to chain branching/crosslinking which increases the molecular 
weight.   Equation (2.7) shows the reaction of chain scission that leads to a decrease of molecular 
weight. 
R• + ~C=CH2    Æ                                                                                                                                         (2.6)
 
R• + R Æ  R + ~Ċ=CH2 (2.7) 
 
These chemical reactions can lead to an undesirable degradation.  In order to protect the 
polymer during processing, specific AO or a greater amount of low temperature AO is added to 
the polymer.   Therefore, it is important to assess AO concentration in the polymer after extrusion 
and compression molding, since some of the AOs are expected to be consumed during the 
process.   
The retaining amount of AOs after extrusion and compression molding was evaluated by 
Std-OIT and HP-OIT as well as measured by the high performance liquid chromatography 
(HPLC).  The test results are shown in Table 2-2.  The HPLC test data show that the consumption 
of I-1010 and I-168 were less than 30% of their initial concentration for all samples except B5 
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which “burned off” 60% of I-1010 and 46% of I-168.  Comparing the remaining AO of B7 and 
B9, the consumption of I-1010 seems to be reduced 10% by adding I-168.  
As for the OIT values, adding I-168 to the HDPE increased the Std-OIT value, while 
there was no effect to the HP-OIT value.  I-168 is designed to be a processing stabilizer with a 
high melting range, 183-186oC; thus, it inflates the Std-OIT value.  On the other hand, its high 
melting temperature might not function at the low isothermal temperature of the HP-OIT test, so 
it cannot be detected by the HP-OIT test.  
 
Table 2-2.  AO concentration, initial Std-OIT, and initial HP-OIT of the samples 
Blend 
I-1010 (ppm) I-168 (ppm) Initial Std-OIT 
(min.) 
Initial HP-OIT 
(min.) Added Plaque Added Plaque 
B1 0 0 0 0 0.5 N/A 
B3 500 355 0 0 19.4 263 
B5 500 199 1000 537 33.3 231 
B7 1000 749 0 0 34.0 339 
B9 1000 836 1000 718 58.7 342 
 
 
Air incubation – AO effects 
The AO depletion over time of blends B3, B5, B7, and B9 at 85oC oven was plotted in 
OIT percentage retained versus time in Figure 2-9.  Two distinct trends are observed among the 
four blends.  The blends contained only I-1010 (B3 and B7) the OIT retained remained at 90% 
after 1200 days incubation.  On the other hand, B5 and B9 which were blended with I-1010 and I-
168 decreased to about 50% retained in the same period of time.  In Figure 2-10, data were 
plotted in OIT value against time.  Results showed that OIT values of B5 and B9 decreased 
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steadily with time until 800 days after which the depletion of OIT was similar to those of B3 and 
B9.  The low OIT value of B5 at 1500 days might be the result of low concentration of I-1010 
and I-168.  The decrease of OIT within 800 days of incubation in B5 and B9 is believed to be 
caused by the loss of I-168.  This hypothesis can be supported by the findings of Dörner and 
Lang, (a) and (b) (1998).  Their HPLC results showed that the consumption of I-168 was much 
faster than I-1010 in oven incubation. 
 
 
Figure 2-9 OIT retained in percentage versus time at 85oC in air 
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To confirm the hypothesis of consumption of I-168 during oven aging, the HP-OIT test, 
which is performed at an isothermal temperature of 150oC, was used to measure some of the 
incubated samples. As stated earlier, I-168 cannot be detected by HP-OIT due to the low 
isothermal testing temperature.  Figure 2-11 shows the HP-OIT value versus incubation time for 
all four blends.  Samples with similar amount of I-1010 have almost the same HP-OIT value.  B3 
and B5 which contained approximately 200 to 350 ppm of I-1010 exhibit an average HP-OIT 
value of 260 ± 20 minutes, whereas B7 and B9 with 700 to 830 ppm of I-1010 yielded OIT values 
at about 330 ± 20 minutes.  The HP-OIT values seem to correlate well with the concentrations of 
I-1010.  The most informative data revealed from the HP-OIT test is that the additional I-168 in 
B5 and B9 did not increase the HP-OIT value of samples with similar amount of I-1010.  
Furthermore, the HP-OIT value remains relatively constant throughout 1000 days of incubation.  
This indicates that the decrease of Std-OIT value in the first 1000 days was likely caused by the 
depletion of I-168, as illustrated by plotting HP-OIT and Std-OIT results of B3 and B5 together in 
Figure 2-12.  Despite that the HP-OIT test can eliminate the effect of I-168, the sensitivity of this 
test is much poorer than Std-OIT, particularly at the low concentration of AO.  Since the purpose 
of this study is to evaluate the performances of two different AOs under two incubation 
environments, it is logical to choose a testing method that can detect the behavior of both AOs.  




Figure 2-11 High pressure OIT versus time at 85oC Oven 
 
Figure 2-12  Standard and high pressure OIT results of B3 and B5 at 85oC Oven 
 
Air incubation –temperature effects 
Figure 2-13 shows the OIT retained of Blends B3, B5, B7 and B9 at four incubation 
temperatures, from 55 to 85oC.  Unexpectedly, reverse temperature effects were observed for 
blends with I-1010 (B3 and B7); a greater OIT decrease resulted as temperatures decreased.  OIT 
retained remained at 90% after 1200 days at 85oC while the OIT value at 55oC decreased to 






















































greater role in the depletion rate at lower temperature than at higher temperature.  As shown 
Figure 2-13(a), the depletion rates at 85oC are very similar for blends with similar AO 
formulations, while the discrepancy increases as temperature decreases.  Comparing AO 
depletion at elevated temperatures and at room temperature (Figure 2-14), data indicate that 
elevated temperature did not accelerate the thermo-oxidation process in B3 and B7 at temperature 
above 65oC.  At 75 and 85oC, the OIT values even higher than those at room temperature after 
similar aging periods.  To the best of the author’s knowledge, such reversed temperature effects 
on the depletion of I-1010 was not found in any published information.  The possible hypothesis 
will be discussed in next section—AO migration. 
The incubation temperature effect appears to be less on blends with I-1010 and I-168, B5 
and B9.  The OIT retained ranges from 50% to 56% at all four temperatures. However, the 
evaporation/consumption of I-168 is significant at room temperature.  At room temperature, the 
OIT value dropped more than 50% for B5 and B9, see Figure 2-14.  The possible reason for the 
rapid decrease might be due to the low hydrolytic stability of phosphite AO.  Tochacek and 
Sedlar (1995) also found some phosphites based AO reacts with humidity during storage.  In this 
project, all samples were placed inside sealed plastic bags, but stored in a file cabinet in the 






Figure 2-13. OIT retained for all samples at (a) 85oC, (b) 75oC, (c) 65oC, and (d) 55oC oven 
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B 3 B 5 B 7 B 9
B 3 B 5 B 7 B 9
Initial OIT (min.) 19.42 33.25 34.01 58.74
1618 days @ r.t 15.14 11.41 28.95 32.51
1217 days @ 55oC 10.54 16.56 27.69 37.07
1200 days @ 65oC 13.47 18.69 29.17 37.32
1200 days @ 75oC 16.15 18.27 30.33 35.72











Air incubation – AO migration 
To understand the migration and diffusion of AOs within each of the blends, samples 
were sliced along the thickness and tested for OIT to assess the AO distributions.  Figure 2-15 
shows the profiles of B3 and B5 at 85oC oven after different incubation periods.  For B3, AO 
were evenly distributed across the thickness throughout the incubation duration, suggesting that a 
minimal surface evaporation occurred in the incubated sample.  Contrary, B5 showed a higher 
OIT on one side of the unaged sample.  The uneven profile might have been caused by the 
different molecular structures of the two AOs (I-1010 have a higher molecular weight and bulkier 
molecular structure than I-168, 1178 g/mol and 646.9 g/mol respectively).  It is suspected that I-
168 might diffuse faster than I-1010 to the surface during the cooling period yielding a higher 
OIT.  Besides the surface booming of I-168 in the unaged sample, the depletion of AOs took 
place consistently across the thickness.  This suggests that the loss of AOs due to 
consumption/evaporation were balanced by the migration of AO.   
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However, the AO profiles of B3 at 65oC were significantly different than those at 85oC, 
as can be seen in Figure 2-16.  Parabolic AO profiles were detected in the incubated samples at 
65oC after 594 and 1095 days.  This suggests that the depletion of AO occurred faster near the 
surface than the interior.  The bulk Std-OIT value, which was obtained from test specimens 
including the entire thickness, was overmastered by the low Std-OIT values at the surfaces of 
65oC samples, and thus the bulk Std-OIT value was lower than that at 85oC after similar 
incubation periods.  For example, the profile average OIT of 65oC 1095 days was 13.42 minutes 
which is very close to the average bulk OIT value, 13.99 minutes.  Similarly with 85oC samples, 
sliced OIT average of 1050 day was 16.3 minutes and the bulk sample of OIT was 18.43 minutes.  
The OIT of the bulk sample seems to reflect the average OIT within the material.  A similar OIT 
trend was also observed in B5 at 65oC, as seen in Figure 2-17. 
The reasons I-1010 remains almost constant throughout the incubation duration at 85oC 
while surface depletion of AOs was observed at 65oC are unclear at this time.  One of the possible 
reasons could be related to the morphology of semicrystalline polymer such as HDPE.  The 
mobility of chain segments increases with temperature and it might disentangle the tie molecules 
resulting in secondary crystallization.  Due to the impermeable characteristic of crystalline region, 
increased crystallinity could enhance the tortuous diffusion path of oxygen into the polymer 
which decreases the diffusion coefficient (Schlotter and Furlan, 1992, Muccigrosso and Phillips, 




Figure 2-16. OIT profiles of B3 at (a) 85oC (b) 65oC 
 
 
Figure 2-17 OIT profiles of B5 at (a) 85oC (b) 65oC 
 
Degree of crystallinity, α, can be found using the thermal melting curve.  The equation 
was used to calculate the crystallinity is shown in equation (2.8).  ΔHs represents the area of 
melting peak and ΔHc is the value for 100% crystalline polyethylene which is 293 J/g.  
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The crystallinity profiles across the thickness of unaged and incubated B3 samples were 
plotted in Figure 2-18.  The α for 310 days at 85oC samples ranges from 62.5% to 77.5%, and 
samples at 65oC after 594 day ranges from 65.2% to 71.6%.  Results indicated that re-
crystallization occurred at the early stage of oven incubation at 85oC and 65oC due to the elevated 
temperature increased the mobility of polymer chains.  
 
 
Figure 2-18 Crystallinity of B3 samples 
 
Figure 2-19 shows the OIT and crystallinity profiles of the B3 samples stored in the 
laboratory environment at 2008 and 2010.  Unlike the air aged samples, the overall crystallinity 
did not increase.  Instead, lower percentages of crystallinity were found at the surface.  The 
reason for relatively little change in crystallinity might be due to the surrounding condition.  
Since the storage environment provides no elevated temperature or additional stress on the 
samples, which means no external energy applied on the samples, re-crystallization might not 
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that oxygen on the surface reacts with polymer causing the decrease of crystallinity.  Figure 2-20 
showed FTIR of unaged B3sample and in 2010. Carbonyl group, 1745 cm-1, was detected on the 
2010 sample.  Results indicated chemical changes occurred on the surface.  On the other hand, 
OIT values at the two surfaces are still at around 13 minutes which is almost the same as in 2008, 
see Figure 2-19.  The AO remained within the sample should protect the polymer from oxidation.  
Regarding the drop of crystallinity at the surface, no satisfactory explanation can be drawn based 
on the conflicting results. 
 




































Figure 2-20 FTIR of B3 unaged sample and in 2010 
 
Water incubation – AO consumption and migration 
For the water incubation, Blends B7 and B9 were studied at a single incubation 
temperature of 85oC.  AO depletion in air and water were superimposed in Figure 2-21.  OIT 
retained of B7 and B9 dropped to about 50% after 365 days of water incubation.  Both blends 
exhibited much faster AO depletion in water than in air, indicating that hydrolysis and/or physical 
leaching of AOs might contribute to the AO loss.  Similar results were also found by Dörner and 
Lang (1998).  They measured the residual concentration of I-1010 and I-168 in water incubated 
samples at 85 and 105oC, and concluded that one of the reasons for the reduction of OIT was the 
leaching of I-1010 to the surrounding water.   
For B7, which contained I-1010 only, a slight parabolic OIT profile was observed across 
the thickness for the 20-day incubated sample, see Figure 2-22.  As the sample aged, the AO 
distribution leveled out and continued to decrease.  The data suggest that AO depleted first from 
the surface to the surrounding water and then the AO migration rate balanced out the leaching 
54 
 
rate, resulting in a relatively even profile.  Similar to the air incubation, re-crystallization also 
occurred, see Figure 2-23.   
 
 
Figure 2-21. OIT retained for B7 and B9 at 85oC water and 85oC oven 
 
 








































Figure 2-23 Crystallinity profile of B7 at 85oC water  
 
2.3.2.2 Melt Index Test Results 
This section examines changes in molecular weight in terms of melt index (MI) due to 
oxidation degradation in air and water environments.  Some of the chemical reactions and factors 
which can affect the MI of unstabilized PE during oxidation process are described in Section 
2.3.1and 2.3.1.1. For stabilized material, AO should protect the polymer to maintain its initial 
properties.  As mentioned in Section 2.3.1, both crosslinking and chain scission occurred during 
the oxidation of polyethylene (Drake et al., 1990, Hinsken et al., 1991, Epacher et al., 1999(a)).  
However, the ratio of the two reactions may depend on other factors such as type and amount of 
AOs, accessibility of oxygen, the external environments, the catalysts used for polymerization, 
etc.   
Figure 2-24 shows the plot of MI against time at 85 and 65oC oven incubation.   A 
decrease in MI over time was observed in all incubated samples indicating that 
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behaved differently than blends with I-1010 and I-168 (B5 and B9).  Once again, types of AO 
play a role in the MI results.  After 1000 days of incubation, MI of B5 and B9 were still at its 
initial MI value ±0.01 g/10min; while B3 and B7 dropped from 0.3 g/10 min to 0.25 g/10 min.  It 
seems that by adding a processing stabilizer such as I-168 can help to preserve the initial MI 
value.  This observation agreed with the results from Drake et al., 1990.  They found that by 
adding a higher concentration of I-168, the MI remained at about the initial level. 
Recalling Figure 2-9, OIT retained of the samples with only I-1010, B3 and B7, at 85oC 
in air was still at 90% after 1200 days, but the MI data showed a considerable crosslinking/chain 
branching had occurred which seems unlikely. Assuming that those samples are still protected by 
I-1010 and no significant degradation took place during the incubation, the large reduction of MI 
might be partly caused by the heat during the test.  OIT tests were run on the extruded samples of 
B7 and B9 after the MI test.  The OIT values of the extruded MI materials were about two 
minutes lower than the value before the test for both samples.  The results implied that reactions 
which took place during the test might emphasize the molecular changes and cause further 
crosslinking/chain branching to occur.   I-168 clearly provided greater protection for B5 and B9 
during MI test.  According to Fay and King (1994), phosphorus compounds, such as I-168, reacts 
with hydroperoxide to produce alcohol and prevent further formation of free radicals, see 
Equation (2.9).  However, this reaction is most effective during the molten stage.  This might be 
the reason that the MI can remain at the initial value when I-168 concentration increases. 
ROOH + (R’O)3P  Æ  ROH + (R’O)3P=O (2.9) 
Comparing air and water incubation of B7 and B9 at 85oC, slightly lower MI values were 
detected in water incubation for both blends, see Figure 2-25.  However, the MI is mainly 





Figure 2-24. Melt index of all samples at (a) 85oC (b) 65oC oven 
 
 
Figure 2-25  Melt index of B7 and B9 in 85oC air and water incubation condition 
 
2.3.2.3 Tensile Test Results 
Figure 2-26 shows the tensile breaking elongation retained for all four blends in oven at 
85 and 65oC.  The property remained essentially unchanged throughout 1000 days of incubation.  
The tensile test results further confirm that the large MI decrease of B3 and B7 at 85oC was not 
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 In water incubation samples, the tensile breaking elongation also maintained at around 
100%, see Figure 2-27.  These results are expected since their MI values did not change 
significantly either.   All the samples are still in Stage A of the oxidation process. 
 
 





























































































From the results of these experiments, the following conclusions are drawn: 
• For unstabilized sample, oxidation proceeds faster in air than in water condition due to 
higher oxygen content in air.  MI data indicate that chain scission is the dominating 
mechanism and FTIR spectra show ketones and ester at the surface of oven samples, as 
resulting from the oxidation degradation.  In water condition, crosslinking/chain branching 
took place during the early incubation period resulting decreased of MI.  However, an 
increase in MI was observed when tensile breaking elongation dropped to about 20%, 
indicating a critical limit might be reached.  In addition, no distinct carbonyl compound 
was detected by FTIR.  Data of unstabilized samples indicated that the oxidation 
mechanism is highly dependent on the oxygen conent in the incubation environments. 
• The effects by adding I-168 included raise the initial standard OIT value and protecting the 
polymer during the MI test.  On the other hand, the consumption/depletion of I-168 is 
higher at lower temperatures (85 to 55oC) than those of I-1010.  Furthermore, HP-OIT test 
can only detect I-1010 but not I-168  due to the lower testing temperature of HP-OIT, 
150oC compared to 200oC of Std-OIT. 
• For samples with I-1010 only, higher OIT values were observed at 85oC than at 65oC oven 
incubation.  The AO profiles of the aged material were also different between 85oC and 
65oC (an even distribution of AO with little depletion over 1000 days for 85oC sample 
while parabolic curves were found in 65oC samples).  Combination of AO mobility and PE 
morphology might be the cause for the different AO profiles at 85oC and 65oC. 
• After more than 1000 days of incubation, no changes of tensile strength were detected for 
all stabilized samples implying that samples were still at Stage A of the oxidation process. 
The tensile test results also reinforce the hypothesis that the decrease of MI in I-1010 
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samples are caused by multiple factors (types of AOs, the amount of AO remain in the 
sample, and testing environment), not oxidation alone. 
• Physical AO leaching and/or hydrolysis were the likely cause of faster depletion of AO in 




Chapter 3   Effects of Carbon Black to the Depletion of Antioxidants in High 
Density Polyethylene  
 
3.1. INTRODUCTION 
Most polymeric products contain additives.  Carbon black (CB) and antioxidant (AO) are 
two of the most commonly used additives for UV protection and for prolonging service life time 
in geosynthetic products. 
Even though AO and CB can protect polymer individually, when combined, their 
interaction can yield either positive or negative effects regarding their functional capability.  
Phease et al. (2000) showed that CB with phenolic and phosphite based AO increases the initial 
oxidative induction time (OIT) value.  Gilroy and Chan (1984) blended polyethylene (PE) with 
different combinations of CB with four types of AOs, including  amine, hindered phenol, 
thiobisphenol, and a second sulfur bridge phenol, to demonstrate the effects of suppressing the 
onset of the oxidation for each combination.  Their findings confirmed the positive effects of AO 
and CB on polymer.  On the other hand, Hawkins et al. (1959) found that CB combined with 
certain types of phenol antioxidant or secondary amines can greatly reduce the effectiveness of 
AO’s function, as the mobility of AOs was restricted by the absorption onto the surface of CB 
particles and/or AOs react with free sulfur on CB surfaces.  Kovacs and Wolkober (1976) found 
that the acidic nature of CB, which has high oxygen content, could reduce the effectiveness of 
AO performance in thermo-oxidation. They explained that the quinone active sites on the CB 
surface are stronger acceptors than the free radicals, resulting in AO consumption with the 
quinone, which leads to antagonistic effects.  Pena et al. (2001 (a)) used flow micro-calorimetry 
to measure the heat of adsorption/desorption of Irgafos 168, Irgafos P-EPQ, and Alkanox TNPP 
when blended with four types of CB.  They found that the AO adsorption and desorption 
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activities were not only dependent upon the particle size of CB but also influenced by oxygen 
content, neighboring surface functional groups, CB surface structure, and porosity. 
The effect of CB on oxidation of stabilized HDPE is being investigated in this chapter.  
Various parameters such as CB particle sizes, concentrations, and incubation environments are 
also examined.  Besides the interaction between CB and AO, the effectiveness of AO and their 
effects on physical properties are also the focuses.  
 
3.2. TEST MATERIALS AND INCUBATION CONDITIONS 
3.2.1. Test Materials 
Three groups of material (Group 1, Group 2, and Group 3) were made from HDPE pipe 
grade resin with density of 0.953 g/cm3.  Each group was designed to investigate different 
parameters of CB such as particle sizes, concentrations, and type of CB affects on the depletion 
behavior of AOs.   
The carbon black was introduced using a master batch, which contains 50% CB and 50% 
LLDPE as the carrier resin.  The CB master batch was first ground into powder.  The appropriate 
amount of carbon black powder, PE resin fluff, and AOs were fed into the laboratory scale single 
screw extruder to produce pellets.  The extruded pellets were compressive molded according to 
ASTM D4703, A1 at a cooling rate of 15oC/min to form plaques with thickness ranging from 1.8 
mm (0.071 inch) to 2.1 mm (0.083 inch).  Small coupons with dimensions of 75mm (3 inch) x 90 
mm (3 ½ inch) were cut from the plaques for incubation.   




Group 1 – Evaluate effects of CB on the depletion of AOs 
This group of samples was designed to evaluate the effects of CB on AO depletion.  
Samples were prepared by blending two types of AOs, Irganox® 1010 (I-1010) and Irgafos® 168 
(I-168), in five formulations.  The percentage of CB (furnace black) in all formulations was 2.5% 
and the type of CB was furnace black with 75nm particle size, see Table 3-1. 
     
Table 3-1 Formulation of Group 1 samples 
Formulation 2.5% Carbon Black 
I-1010:        0     ppm 
I-168:          0     ppm 
Blend 2 (B2) 
I-1010:     500    ppm 
I-168:          0     ppm 
Blend 4 (B4) 
I-1010:     500    ppm 
I-168:      1000   ppm 
Blend 6 (B6) 
I-1010:    1000   ppm 
I-168:         0      ppm 
Blend 8 (B8) 
I-1010:     1000  ppm 
I-168:      1000   ppm 
Blend 10 (B10) 
 
 
Group 2 – Evaluate effects of CB sizes and concentration on the depletion of AO 
Group 2 samples were designed to examine the AO depletion with four CB 
concentrations and two particle sizes.  A single AO formulation of 1000 ppm Irganox® 1010 and 
1000 ppm Irgafos® 168 was added to all of the Samples. The formulations of the seven samples 
(B, C, D, F, G, H, and I) are shown in Table 3-2. 
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Group 3 – Evaluate effects of CB types on the depletion of AO 
Three types of CB master batches which have been classified to be used for 
geomembrane and blown film products, were used in Group 3 samples.  The melt index (MI) of 
the carrier resin is different in each CB master batch, while the particle size of the CB is 42 nm.    
The AO formulations and MI value of CB master batch are shown in Table 3-3.   
 
Table 3-3 Formulation of Group 3 samples 
Sample Type of CB 
MI of CB Carrier 
Resin 
AO formulation 
M4 Geomembrane 4 
I-1010:     500    ppm 
I-168:      1000   ppm 
M5 Geomembrane 40 
I-1010:     500    ppm 
I-168:      1000   ppm 
BL_J Blown Film 20 
I-1010:     1000    ppm 
I-168:      1000   ppm 
 
 
3.2.2. Incubation Conditions 
The incubation conditions for all three groups of samples were summarized in Table 3-4.  
Detail of each incubation condition can be found in Chapter 1 Section 1.5.  
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(65 and 85oC) 
Group 1 3 3 3 
Group 2 85oC only 3 N/A 
Group 3 85oC only 3 N/A 
 
 
3.3. TEST RESULTS AND DISCUSSION 
3.3.1. Effect of CB on Oxidation of Unstabilized HDPE 
The thermo-oxidation of unstabilized HDPE with CB, designated as B2, was examined in 
air and water incubation conditions.  To assess the effects of CB in the oxidation degradation 
process, the results will be compared to B1, which consists of only HDPE resin without CB, in 
Chapter 2 Section 2.3.1.   
 
3.3.1.1. Melt Index Test Results 
Figure 3-1 shows the changes of MI of B1 and B2 under 85oC oven and water 
incubations.  In oven incubation, a decrease of MI was found in the first 30 days of incubation 
followed by steady increases.  The MI behavior of B2 is slightly different than that of B1 which 
showed an increase of MI after only 20 days of incubation.  The decrease of MI might be caused 
by the surface functional groups of CB reacting with hydroperoxide, which were formed under an 
oxygen access environment, preventing chain scission from occurring in the early stage of 
incubation.  Once the critical point was reached, the dominant degradation mechanism became 
chain scission.     
66 
 
In the water incubation, the crosslinking/branching was the major aging mechanism in 
the first 90-day after which chain scission took place leading to a rapid MI increase for both B1 
and B2, see Figure 3-1 (b).  
 
 
Figure 3-1 MI of B1 and B2 at 85oC (a) oven (b) water  
 
3.3.1.2. Tensile Test Results 
The tensile break elongation retained of B2 against incubation time at 65 to 85oC in oven 
incubation is shown in Figure 3-2.  Although there is large variability in the data, the trends 
indicate that the oxidation rate increased with incubation temperature.  The fluctuation of the 
breaking elongation values might be caused by crosslinking/branching during thermo-oxidation 
process.  It is known that crosslinking/chain branching could result in an increase of the 
polymer’s strength; therefore increasing tensile breaking properties at the early stage. Another 















































Figure 3-2 Breaking elongation of B2 at 55, 65, 75, and 85oC oven incubation 
 
The breaking elongation of B2 at 85oC oven is superimposed with that of B1 in Figure 
3-3. B1 reached below 20% of its initial breaking elongation within 30 days while it took 60 days 
for B2 to degrade to the same level.  Therefore, by adding CB to the HDPE seems to protect 
polymer against thermo-oxidation and delay oxidation degradation.  However, B2 exhibited 
greater variability in tensile breaking elongation than B1.  This supports the hypothesis that the 
CB particles acting as impurity and defect, while, the competition between chain scission and 
branching/cross linking reaction during oxidation process may also influence the tensile break 




































Figure 3-3  Breaking elongation of B1 and B2 at 85oC oven 
 
For the water incubation condition, the breaking elongation against time of B1 and B2 at 
85oC was shown in Figure 3-4.  Although both samples reached the 20% elongation retained after 
90 days, their degradation profiles were very different.  For B1, the breaking elongation began to 
drop right after incubation and decreased steadily with time.  Contrary, B2 retained at 100% up to 
60 days after which the elongation dropped rapidly.  It seems that CB was able to protect the 
polymer for a short period of time when the sample was fully immersed in the water. However, 
once the degradation started, it proceeded rapidly.     
The correlation between MI and tensile breaking elongation in B2 can be seen in Figure 
3-5.  Similar with the MI behavior of unstabilized HDPE in water condition observed in Chapter 



































Figure 3-4 Breaking elongation of B1 and B2 at 85oC water 
 
 
Figure 3-5 MI and tensile property retained of B2 at 85oC (a) oven (b) water  
 
3.3.1.3. Fourier Transform Infrared Test Results 
To further confirm the oxidation degradation, the surface of aged B2 was examined using 
FTIR to assess the formation of carbonyl compounds at around 1700cm-1.  Figure 3-6 shows the 
FTIR spectra of 0-day and 72-days samples at 85oC oven.  An absorption peak at 1720 cm-1 and 
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The degree of oxidation was quantified by the carbonyl index, as defined in Chapter 2, Section 
2.3.1.3.  The carbonyl index, CI, of B2 at 85oC oven for 72 days is 0.022, which is lower than the 
CI value of B1 at 85oC oven data, CI=0.0876.  This suggests that CB functions as AO reducing 
carbonyl groups formation. 
For water incubated samples, no distinct peaks at 1720 cm-1 were detected.  The result 




Figure 3-6  FTIR of B2 at 85oC oven 0 day and 72 days 
 
3.3.2. Effects Of CB on Stabilized HDPE 
As stated in previous section, the samples in Group 1 were designed to evaluate the effect 




and is known to be used in the corrugated HDPE pipe.  Two types of AOs at difference 
concentrations were blended with 2.5% of CB into five formulations.   The dispersion of CB was 
evaluated for all five samples using the ASTM D5596 method.  Samples were sliced into thin 
layers by microtome and examined under microscope at 100x.  The uniformity of the CB can be 
seen in Figure 3-7, revealing a well dispersed CB in all five samples. 
 
 
Figure 3-7 Microtomed image of the CB samples  
 
During the pellet extrusion process, part of the AOs was consumed as designed.  
Therefore the actual remaining AO after extrusion were identified and correlated to the initial 
OIT values.  The remaining AO concentration was determined according to the ASTM D 6042 
and was performed by ExxonMobil.  Table 3-5 shows the initial OIT values of four CB blended 
samples along with the remaining AO concentrations in the sample.  Similar to Samples without 
CB, the addition of I-168 substantially increases the OIT value.  Comparing B8 and B10, adding 
168 reduced the consumption of I-1010 slightly, while almost no reduction effect was found on 
B6.  The protective function of I-168 is less noticeable in the samples with CB (recalling the 
results from Chapter 2, consumption of I-1010 can be reduced 10% by adding I-168). 
  
B 2 B 4 B 6 B 8 B 10 
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B4 2.5 500 -- 368 -- 21.0 
B6 2.5 500 1000 342 745 39.1 
B8 2.5 1000 -- 762 -- 37.2 
B10 2.5 1000 1000 799 714 56.4 
 
The effects of CB on the OIT of unaged samples were evaluated and compared with 
samples without CB.  Table 3-6 showed the initial OIT value of samples with and without CB.  In 
general, samples with CB exhibited slightly higher OIT values, except for B10.  Even for B1 and 
B2, which were unstabilized blends, the initial OIT value of B2 was slightly higher than B1.  
Based on the initial OIT values, CB used in this study seems to delay the onset of oxidation 
during the OIT test as observed by other researchers (Watson, 1955; Hawkins et al., 1959; 
Pleshanovet et al., 1982) 
.  
Table 3-6  Comparing the initial OIT values for Samples with and without CB 
Sample CB (%) 
Initial 
OIT(min) 
Sample CB (%) 
Initial OIT 
(min.) 
B1 0 0.5 B2 2.5 1.2 
B3 0 19.4 B4 2.5 21.0 
B5 0 33.3 B6 2.5 39.1 
B7 0 34.0 B8 2.5 37.2 





3.3.2.1. Antioxidant Depletion 
Air incubation 
The changing of OIT retention with incubation time at 85oC oven incubation of four CB 
samples can be seen in Figure 3-8 (a).  All samples undergo a similar depletion behavior 
regardless of the type and concentration of AOs.  The only difference among them is the initial 
OIT value, as depicted in Figure 3-8 (b).   Also, similar depletion behavior was observed at lower 
incubation temperatures for all four samples.  The depletion rates of the CB samples are 
significantly faster than the corresponding samples without CB, as illustrated in Figure 3-9 (a) 
and (b).    The results clearly demonstrate a strong interaction between CB and AO during the 
oven aging.   
 
 









































Figure 3-9 (a) OIT retained vs. time of samples contained I-1010 only (b) OIT vs. time of 
samples contained I-1010 and I-168 
 
Since OIT was used to reflect the relative concentration of AO retained in the incubated 
samples, the AO loss with time can be expressed in the first order reaction law, equation (3.1) for 
samples with CB.  Equation (3.2) is expressed in terms of OIT value or OIT retained in 
percentage. 
 
C = Co e -k t  or  
OIT = OITo e-kt (3.1) 
OIT
OITo
 = e-kt    (in terms of OIT in minute) 
OIT
OITo
 x 100 = 100e-kt    (in terms of OIT retained %) (3.2)  
where C = concentration of reactant; Co = initial concentration; k = reaction rate; t = time; 
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The AO depletion trends of all CB samples at 55oC to 85oC are shown in Figure 3-10 (a) 
to (d).  All four samples show an exponential decrease of OIT with time.  The depletion rates 
increase with incubation temperature.  The reaction rates (k) for the four formulations at four 
incubation temperatures are shown in Table 3-7.  At each incubation temperature, the k values are 
similar among the four formulations, only slightly lower rates were found on B8 and B10 at 75oC 
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Table 3-7 Reaction rates of samples with CB at four incubation temperatures 
Sample 
Reaction Rate (days-1) 
55oC 65oC 75oC 85oC 
B 4 0.00076 0.00113 0.00215 0.00330 
B 6 0.00071 0.00122 0.00249 0.00391 
B 8 0.00056 0.00072 0.00146 0.00301 
B 10 0.00061 0.00086 0.00153 0.00342 
 
To understand the consumption and migration of AOs in the incubated samples at 
different durations, the AO distribution in terms of OIT across the thickness of the samples were 
examined.  The OIT tests were performed on thin sections that were sliced parallel to the 
thickness of the incubated sample.  Figure 3-11 (a) and (b) shows the OIT profiles of B6 at 85 and 
65oC.  At 85oC, the OIT values were relatively constant across the thickness at different 
incubation intervals. The evenly distributed OIT phenomenon throughout the incubation duration 
could further confirm that rapid loss of AO was dominated by chemical reactions between AO 
and CB in the samples.  At 65oC, parabolic profiles were appeared after 300 days of incubation, 
as seen in Figure 3-11 (b). The parabolic profiles indicate a higher loss of AO at the surface than 
the interior.  One of the reasons may be the mobility of AO is slower at 65oC than in 85oC.  The 
AO loss at the surface is unable to be compensated by the slow migration of AO from the interior 
of the sample.  In addition to the surface depletion, a steady decrease of OIT is also observed at 




Figure 3-11  OIT profiles of B6 at (a) 85oC, (b) 65oC 
 
Water incubation 
Distinct AO depletion trends of samples with and without CB were not only observed in 
the oven incubation but also in the water incubation, see Figure 3-12.  A strong interaction 
between CB and AO was found in water incubation. The OIT retained dropped below 10% after 
365 days for samples with CB while the corresponding samples without CB decreased to about 
50%.  The depletion of AO in both samples, with and without CB, took place faster in water than 
in oven incubation, indicating that  hydrolysis or physical leaching of AO might contribute to the 






































Figure 3-12 OIT retained versus time at 85oC water condition (a) B7 and B9, (b) B6, B8, and B10 
 
Due to the rapid decrease of OIT in samples with CB in the first 90 days of incubation, 
equations (3.1) and (3.2) cannot accurately model the relationship between OIT and incubation 
time.  As mentioned above, physical leaching or hydrolysis might contribute to AO loss in 
addition to the chemical consumption.  The two competing or parallel reactions should be 
considered to model the AO depletion behavior in water, as expressed in equation (3.3).  The first 
term of the reaction, k1, is dominated by leaching or hydrolysis of AO which leads to a fast 
depletion.  The second term, k2, which has a relatively slower rate, might be governed by the AO 
migration.  Since the majority of the analysis in this study is using OIT retained value to reflect 
the depletion OIT, equation (3.3) can be rewritten as equation (3.4).  This two-term first order 
model was also used by other researchers to represent and explain their experimental data (Ramos 
et al., 2010, Gaugiran et al., 2007, Lasagni et al., 2000).  Gaugiran et al. (2007) used this model to 
illustrate the two different leaching mechanisms of the top coat surface and the embedded 
interface.  Ramos et al. (2010) used a similar model to evaluate their data of chlorine decay in the 
water system. 










































OIT Retained ሺ%ሻ=Ae-k1t+ (100-A)e-k2t   (3.4) 
where k1 and k2 = reaction rate; A= constant 
Using equation (3.4) to analyze the OIT depletion trends yields a much better fit, R2 
values range from 0.9998 to 0.9914.  The two reaction rates, k1 and k2, were listed in Table 3-8.  
The reaction rates differ greatly depending on the formulation of AOs.  B6 which contains 1:2 
ratio of I-1010 to I-168 exhibits the highest depletion rate on both k1 and k2, while B8, containing 
only I-1010, has the lowest k1.  This suggests that adding I-168 increases the first term’s depletion 
rate which controlled the early stage of the incubation period.  Therefore I-168 is more 
susceptible to hydrolysis than I-1010.  






B6 0.0741 0.0039 
B8 0.0222 0.0020 
B10 0.0288 0.0013 
 
The AO migration in the samples under water incubation was also different from oven 
aging samples.  Figure 3-13 shows the OIT profile of B6 and B7.  Contrary to the oven aging, 
uneven distributed OIT values were found in water samples.  After 20 days immersed in water, a 
greater reduction of OIT was found at the surface than the interior of B6, see Figure 3-13 (a).  
The results further confirmed the physical loss of AO at the surface through leaching or 
hydrolysis.  However, the reason for lower OIT on one side of the thickness is unclear. 
Comparing the samples with and without CB (B6 and B7 respectively), OIT decrease in B7 is 
much slower than B6, which shows the interaction of CB and AO still take place in water 




Figure 3-13 AO profiles of (a) B6 and (b) B7 in water incubation 
 
Nitrogen gas incubation 
The incubation under nitrogen gas atmosphere is to evaluate the AO depletion under an 
oxygen deficient environment so that the oxygen effects on the AO consumption can be isolated.  
B8 and B10 were incubated in a slightly pressurized (5psi) nitrogen gas environment at 85 and 
65oC.  The AO depletion against time in air and nitrogen atmospheres is plotted together in 
Figure 3-14.    Data indicate that the reduction rate is lower in nitrogen gas than in air.  However, 
a decreasing trend is still observed for both samples at 85oC in a nitrogen atmosphere.   B8, which 
contained only I-1010, remain unchanged for the first 150 days and then started to drop to about 
85% at 250 days.  For B10, which was blended with I-1010 and I-168, OIT retained values 
decreased slowly and steadily immediately after the incubation to 72% at 250 days.  Although the 
reduction of AO in B10 is less in nitrogen (compared with 45% retained at 244 days in air), the 








































Figure 3-14  AO depletion in nitrogen gas (a) at 85oC (b) at 65oC 
 
There are two possible reasons of the AO depleted in nitrogen gas environment for 
samples B8 and B10.  One is that AO might react with CB, resulting in the reduction of OIT.  
Since there was no oxygen available to react with polymer, the loss of AOs should be mainly 
caused by reaction with free radicals within the polymer.  If there is no interaction between CB 
and AO, the depletion rate of AO in samples with CB in nitrogen environment should be slower 
than the sample without CB in air.  Recalling data of B7 (same AO formulation as B8 but without 
CB) at 85oC oven incubation from Chapter 2, the OIT retained remained at about 100% for over 
1000 days; however, the nitrogen incubation data of B8 dropped to about 85% after 250 days. 
Figure 3-15 shows OIT changes in air and in nitrogen for samples B7, B8, B9, and B10.  Results 
confirm CB indeed reacts with AO, causing the dropping of OIT.   
The second possibility is that the AO is being consumed due to elevated temperatures.  
Based on the findings in Chapter 2, the depletion of I-168 in air is much faster than I-1010.  
Similar trends are also observed in the condition without oxygen.  Comparing B8 and B10 in 












































containing only phenolic (B8), demonstrating the consumption/depletion of phosphite AO 
occurred even in the anaerobic atmosphere.   
 
 
Figure 3-15 Compare samples without CB in air and samples with CB in nitrogen gas 
 
3.3.2.2. Melt Index Test Results 
Air incubation 
Table 3-9 shows the initial MI values of all samples with and without CB.  All of the 
stabilized samples are about 0.31 ± 0.01g/10min while the unstabilzed samples, B1 and B2, 
exhibit much lower MI, 0.156 and 0.254 g/10min respectively.  In general, under elevated 
temperature and oxygen deficient conditions such as processing, free radicals could react with the 
vinyl group of polymer chain which could lead to chain branching/cross linking.  By adding AO, 




















B8 N2 B7 Air B10 N2 B9 Air
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hypothesis.  Furthermore, if the same assumption applied to B1 and B2, the higher MI value of 
B2 suggests that CB can provide moderate protection during the test. 
Table 3-9 Initial MI for all samples 
Sample Initial MI 
(g/10 min.) 
Sample Initial MI  
(g/10 min.) 
B1 0.156 B2 0.254 
B3 0.317 B4 0.317 
B5 0.326 B6 0.314 
B7 0.302 B8 0.307 
B9 0.307 B10 0.312 
 
Figure 3-16 shows MI changes with incubation time for blends with and without CB at 
85oC oven incubation.  All samples showed decreasing MI value over time which indicated that 
crosslinking/branching was the dominating factor.  However, fluctuation of the MI value was 
detected throughout the incubation period.  This might be caused by two competing mechanisms 
between cross linking and chain scission.   
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Samples with CB decreased faster than those without CB, as can be seen by comparing 
the curves in Figure 3-16 (a) and (b).  This suggests that thermo-oxidation had a greater effect on 
samples with CB, causing increase of molecular weight.  The results might directly relate with the 
consumption of AOs during incubation and the remaining content of AOs.   Correlation between 
depletion of AO and MI will be discussed in later section.  Similar behavior is also observed in 
samples incubated at lower temperatures.  Data show MI decreased slower as the temperature 




































































































The MI behavior of B6 to B10 in water is shown in Figure 3-18.  Data indicate that 
samples with CB exhibit greater MI changes than those without CB.  The results are expected due 
to the higher AO loss in water incubation.  As for the effects of AOs, adding I-168 could slow 
down the decreasing trend of MI.  Possible mechanism and chemical reactions of I-168 that 
protect the polymer during MI test are discussed in Chapter 2 Section 2.3.2.2.  Comparing the CB 
samples in water and air, see Figure 3-19, MI dropped faster in water than in air.  Such results are 
expected since physical leaching can cause higher AO loss.  
 
 




















Figure 3-19 Comparison between oven and water incubation 
 
3.3.2.3. Tensile Test Results 
The initial tensile break elongation of all samples is shown in Figure 3-20.  Data clearly 
shows that the break elongation decreased in samples with CB.  The CB may act as reinforcement 
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Figure 3-20 Initial tensile breaking elongation of all blends 
 
Air incubation 
Figure 3-21showed the tensile breaking elongation retained for samples with CB 
incubated in oven at 85 and 65oC.  The elongation fluctuated around 100% retained level for most 
of the samples.  Except B6, the breaking elongation dropped to 50% of its initial value and 
remained at that level.  This result is not expected because B6 contains two types of AOs and CB, 
which was designed to provide better protection than B4 (contained only I-1010 and CB).  The 
finding suggests that this particular type of CB interacted with I-1010 and I-168, and thus 
hindered the protective function of AOs.  Furthermore, the combination of AOs, 1:2 ratio of I-
1010 and I-168, could not effectively protect the polymer against thermo-oxidation resulting in 












































Figure 3-21 Breaking elongation of samples with CB in oven (a) 85oC (b) 65oC 
 
Water incubation 
Despite the higher AO loss in water incubation, tensile breaking elongation retained for 
all five samples still maintains at the original values, see Figure 3-22.  Results indicate the 
samples are at Stage A or B of the oxidation process. 
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3.3.2.4. Correlation Of AO Depletion With Results Of Melt Index And Tensile Test 
The roles of CB and AOs on the oxidation degradation of HDPE will be evaluated in this 
section by correlating results obtained from OIT, MI and tensile break elongation tests.  As stated 
in section 3.3.2.2, MI value might not only be affected by molecular changes during incubation, 
but also by the types of AO added to the polymer matrix.  Figure 3-23 shows the changes of 
properties of B5 and B6, which contain only I-1010, at 85oC oven incubation.  Due to the 
interaction between CB and AO, OIT of B6 decreased must faster than B5.  In B6, MI started to 
drop when AO retained reached below 20% and continuously dropping.  The tensile property 
began to decrease as MI reach 80% retained and 5% AO retained.  The vertical red-dashed line on 
Figure 3-23 (b) represented the incubation time at which tensile property started to drop at which 
the MI reached 80% retained.  At the same time AOs were almost completely depleted; the OIT 
value approached the limit of detection of DSC.   
 
 
Figure 3-23  Properties changes verus time at 85oC oven (a) B5, (b) B6 
 
For the samples with I-1010 alone, the correlation among OIT, MI and tensile breaking 
































































and B8 at 85oC oven are plotted versus time in Figure 3-24.  A decrease of MI takes place faster 
in B7 and B8 than B5 and B6.  One of the reasons may be the high functional temperature and the 
fast reactivity of I-168.  During the MI test which is operated at 190oC, free radicals might be 
formed and react with polymer, leading to cross-linking.  With I-168, the alkyl radicals might 
react with I-168 and slow down the reaction of cross-linking with polymer.  Also, the reactivity of 
I-168 is faster than I-1010 at elevated temperatures preventing free radicals reacting with polymer 
during the test. (Function of I-168 during MI testing is explained in Chapter 2 Section 2.3.2.2.) 
 
 
Figure 3-24 Properties changes versus time at 85oC oven (a) B7 (b) B8 
 
3.3.3. Effects Of CB Particle Sizes And Loading On AO Depletion  
The effects of CB particle size and loading on the depletion of AOs are evaluated using 
Group 2 samples.   Two types of CB with particle sizes of 27 nm and 75 nm at four CB loadings 
were blended with HDPE containing 1000 ppm of I-1010 and I-168.  The distribution of CB in 
the polymer matrix was revealed by images obtained from microtomed slices, as shown in Figure 



























































Figure 3-25 Microtomed image of the samples (a) CB size75nm (b) CB size 27nm 
 
3.3.3.1. Initial Oxidative Induction Time 
As for the initial OIT value, a linear relationship is found with CB loadings for both CB 
types, as shown in Figure 3-26.  Similar results were also observed by other researchers.  Phease 
et al. (2000) found increasing initial OIT with CB loading on two different ratios of Irganox® 
1010 and Irgafos® 168, 1:1 and 2:1.  Pleshanov et al. (1982) showed that the onset of oxidation 
was delayed linearly with increasing CB loading.   
However, the linear relationship does not extend to 0% CB.  The extrapolated OIT value 
to 0% of 27 nm and 75 nm CB are 69.9 and 39.3 minutes, respectively, whereas the OIT value of 
BL_B BL_C BL_D 
(a)
2% CB 3% CB 4% CB
BL_F BL_G BL_H BL_I 
(b)
2% CB 3% CB 4% CB 5% CB
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0% CB sample was measured to be 58.7 minutes.  Such discrepancy suggests that CB may 
interact with AOs differently at concentrations below 2%. 
 
Figure 3-26 CB effects on initial OIT values 
The particle size of CB also affects the initial OIT value.  Samples contained 27 nm CB 
exhibited higher OIT than 75 nm at the same loading.  CB with smaller particle size has a higher 
specific surface area; the number of hydroxide groups that are attached to the surface of CB 
would subsequently be greater.  The hydroxide groups function as antioxidants and thus can lead 
to a higher OIT value.  Another factor might be the absorption of CB.  AOs tend to attract onto 
CB surface by the hydrogen bonds.  The increase of initial OIT value may be due to the high 
mobility of AO at 200oC of the OIT testing temperature, at which the AOs could detach from the 
CB surface, allowing AO and CB to react with free radicals separately.  In result, a high initial 

























3.3.3.2. Antioxidant Depletion 
Air incubation 
Figure 3-27 showed plots of normalized OIT versus time for oven incubated samples.  The 
OIT retained value decreases exponentially with incubation time, indicating that the AO depletion 
followed the first order reaction.  Samples with CB exhibited faster decreasing rates than those 
without CB, indicating that both types of CB interacted with AOs.   
 
 
Figure 3-27 AO depletion at 85oC Oven (a) 75nm CB particle (b) 27nm CB 
 
Contrary to the effects on the initial OIT value, samples with lower CB loading exhibited 
a slower depletion rate than samples with higher CB loading for both particle sizes.  The surface 
chemistry of CB might play a role in the reactions with AO.  Hydroxide groups on the CB surface 
can react with free radicals and delay the oxidation.  However, other oxygen compounds such as 
quinone (oxygen with double bond) can also react with the AOs in additional to free radicals, 
resulting in consuming AO (Kovacs & Wolkober, 1976).   As mentioned earlier, CB can attract 
AO onto its surface.  During incubation, the elevated temperature increases the chemical 

















































Therefore, AOs are consumed by CB instead of reacting with the free radicals causing rapid 
decrease of OIT.  Furthermore, a higher concentration of CB contains more quinone which leads 
to higher depletion rates. 
By comparing samples with and without CB, interaction between CB and AO is clearly 
revealed in air incubation condition.  Besides the chemical reaction of CB and AO, the adsorption 
of AO onto the surface of CB might restrict the mobility of AO, lower the AO protection function 
during the aging period. 
Figure 3-28 shows a graph by plotting depletion rate against CB loading.  (The dotted 
lines represent 95% confidence level.)  Results show that samples with 75 nm CB have a lower 
variability than those with 27 nm CB.  This effect can be explained by the fact that CB with 
smaller particle sizes is more difficult to be evenly dispersed within the samples than large 
particles, as confirmed by the microtome images.   
In addition, the AO depletion rate does not increase linearly with loading for both CB 
sizes.  The depletion rate seems to level off as CB loading exceeds 3%.   Thus, the high initial 
OIT value caused by the high CB content does not lead to a long AO lifetime.  Comparing the 
OIT value at 0 and 210 days of incubation, samples with lower CB content retained a higher OIT 
value, see Table 3-10.  It seems that 27 nm CB at loadings of 2 to 3% provide the best 





Figure 3-28  Depletion rates verse CB loading 
 













2% 63.8 37.1 2% 79.8 43.6 
3% 72.4 31.1 3% 88.4 44.5 
4% 85.0 34.6 4% 90.3 38.6 
   5% 99.0 39.6 
 
Water incubation 
A rapid depletion of AO was found in water incubated samples, as shown in Figure 3-29.  
After 127 days of incubation, OIT dropped to less than 20% retained for all samples.  There was 
no significant difference in depletion rate in both sets of samples.  The OIT value decreased to 7-
11 minutes for 75 nm; 11-17 minutes for 27nm.   Even though CB could adsorb AO onto its 
surface, it could not prevent the rapid AO loss.  However, samples with CB of 27 nm CB and 5% 
loading has the highest OIT retained value after 127 days of incubation, contradicting the OIT 


























Figure 3-29 AO depletion at 85oC Water (a) 75nm CB particle, (b) 27nm CB 
 
The OIT changes with time in samples with 2% 27 nm CB in water and air incubation 
conditions are shown in Figure 3-30.  The difference in the AO depletion rates is clearly revealed.  
The significantly higher depletion rate in the water incubated sample indicates that the AO 
depletion was not limited to free radical reactions; other mechanisms such as hydrolysis and/or 
physical leaching likely contributed to the loss.  It is well known that phosphites are susceptible 
to hydrolysis (Haider & Karlsson, 2002, Rotschova et al, 1991). 
 
 





































































3.3.4. Effects Of CB Types On AO Depletion 
So far, all of the samples that were tested are blended with blown film graded CB.  In this 
group of samples, two geomembrane grade CBs and one blown film grade CB with 42nm particle 
size furnace black were examined.  All Samples contained 2.5% CB.   The AO formulations and 
initial OIT are shown in Table 3-11.  The micro-toned pictures in 100x magnifications reveal a 
well dispersed CB for all samples, see Figure 3-31. 
 
Table 3-11 Initial OIT and AO formulations of Group C samples 
Sample AO Formulation 



















Figure 3-31 Microtomed image of M4, M5, and BL_J 
 
 
M 4 M 5 BL_J 
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3.3.4.1. Antioxidant Depletion 
Air incubation 
The changes of OIT retention with incubation time at 85oC oven of four CB samples are 
shown in Figure 3-32.  All samples underwent a similar depletion trend.  Data indicate that the 
types of CB have no significant effects on AO depletion in oven incubation. 
 
 
Figure 3-32 OIT retained verse time at 85oC oven 
 
Water incubation 
Figure 3-33 shows the OIT retained versus incubation time of the three CB samples in 
85oC water.  The decreasing rate of M5 is much slower than the other two samples in the early 
stage of incubation.  At 31 days, OIT retained of M5 is at 52% while the other samples drop to 25 
to 30%.  However, the OIT retained value of all three samples decreased to 20% and below after 
91 days.  As mentioned before, the difference between M4 and M5 is the melt index of the carrier 























are 20.  In this case, the lower MI carrier resin might be more compatible to the PE resin, 
resulting in a better protection against AO migration out of the polymer matrix. The AO profiles 
also indicate a slower migration across the sample, see Figure 3-34.   
 
 
Figure 3-33 OIT verse time at 85oC water 
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3.4.  CONCLUSIONS 
• Adding CB to unstabilized PE delays the oxidation and protects the tensile property of the 
polymer up to 30 days comparing to the neat polymer in the air environment.  This is due to 
functional groups on CB surface reacting with the oxidation products.  On the contrary, no 
improvement was detected in samples incubated in water which contained low oxygen 
concentration.   
• Adding CB to the stabilized PE samples, the initial OIT increased by increasing CB loading 
or reducing CB particle sizes.  The increase in initial OIT is contributed by the phenolic and 
quinone types of functional groups on the CB surface.  However, faster OIT decreasing rate is 
yielded in samples with higher concentration of CB in air incubation since more quinone 
groups are available to interact with AO.  Therefore, it counters the benefit of high initial 
OIT.   At 2.5% CB loading, the AO depletion rates are very similar regardless the types and 
amount, and they follow the first order reaction.    
• In water incubation, the depletion rates are not affected by the CB loading and particle sizes 
and the depletion rates are much faster than the corresponding air incubated samples.  The 
AO depletion in water involves two different mechanisms which are hydrolysis of AO and 
migration of AO, as proofing by the two-term first order reaction.   
• Between the membrane and blown film types of CB, no significant effects on the AO 
depletion.  However, carrier resin with low MI value may be more compatible to the PE resin 
used in this study, resulting in a better protection against AO migration out of the polymer 
matrix in water. 
• The ratio of I-168 and I-1010 showed to be an important factor in long-term oxidation of PE.  
Sample B-6 contained 2:1 ratio of I-168 and I-1010 together with 2.5% CB was found to be 
the least effective AO package against thermo-oxidation, since it is the only sample 
exhibiting reduction in tensile elongation after 1000 days.   
101 
 
• Combination of AO mobility and PE morphology led to different AO profiles at 85oC and 
65oC.  An even distribution of AO with rapid decrease of OIT for 85oC sample while 





Chapter 4   Antioxidant Depletion Behavior and Oxidation in Corrugated High 
Density Polyethylene Pipe  
 
4.1. INTRODUCTION 
Lifetime of HDPE pipe is mainly controlled by two factors, mechanical degradation and 
chemical degradation.  For mechanical failure, not only is static and dynamic loading a major 
design concern, but stress cracking is also a critical problem. Chemical degradation is governed 
by oxidation resistance of the pipe materials, which are dependent on the performance of 
antioxidants (Hsuan and Wong, 2010).  In 2003, Florida Department of Transportation initiated a 
project to evaluate the long term properties of corrugated HDPE pipe.  Based on the Phase I 
results, stress cracking resistance properties are included in the specifications (Hsuan and 
McGrath, 2006). 
The focus of this section is to evaluate the oxidation resistance and predict the service 
lifetime of the corrugated HDPE pipe.  As stated in Chapter 1, the material specification for 
corrugated HDPE pipe is defined by the AASHTO M294, see Table 1-2, in which the properties 
of pristine HDPE pipe resin are specified as 435400C according to ASTM D 3350 cell 
classification, Table 1-1.  The two zero numbers refer to stress crack resistance related properties 
and are described separately in the AASHTO M294 specification.    
 AASHTO M 295, however, does not require the oxidation resistance property.  This is 
because the industry considers the AO package as proprietary information.  The AO formulation 
varies from manufacturer-to-manufacture or even from product-to-product.  Therefore test 
protocol is required to ensure the long-term oxidation resistance of the pipe.    
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In this chapter, two corrugated HDPE pipes made from different manufacturers were 
subjected to three incubation conditions at elevated temperatures.  Their chemical and physical 
properties were monitored throughout the aging period.  The objectives of the study are to 
evaluate the performance of the two pipes and understand the AO depletion behavior in 
commercial corrugated pipe products in which the AO formulations are not revealed. 
 
4.2. TEST MATERIALS AND INCUBATION CONDITIONS 
Two commercially available corrugated HDPE pipes were tested in this study.  The pipes 
were made by different manufacturers and samples are designated as P-1 and P-2.  The physical 
properties of the two pipes are listed in Table 4-1.  The AO formulation and the type and sizes of 
CB were not made available by the manufactures.  The general cross-sectional profile of the 
corrugated pipe is shown in Figure 4-1.  The pipe consists of two components: liner and crown.   
In this study, only the liner was evaluated.  Test samples were cut from the pipe liner section with 
dimensions of 3” x 4” (100mm x 75mm).  The thickness of the liner ranges from 0.071” to 0.13” 
(1.8mm to 3.3mm).   
 
Table 4-1  Physical properties of the P-1 and P-2 
Properties P-1 P-2 
Pipe Diameter (inch) 30 36 
Density (g/cm3) 0.953 0.953 
Carbon Black (%) 2.6 2.3 
Initial OIT (minute) 22.22 25.02 
Initial Breaking Elongation (%) 1182 2423 





Figure 4-1 Cross section of corrugated pipe 
 
Five incubation conditions at different elevated temperatures were used to evaluate the 
thermo-oxidation process of the two pipes.  Table 4-2 shows the incubation condition for each 
pipe.  A detailed description and incubation procedures are described in Chapter 1 Section 1.5. 
 




(65, 75, and 
85oC) 
Water 
(65, 75, and 
85oC) 
Water/Air Cycle 
(65, 75, and 85oC) 
Nitrogen 
(65 and 85oC) 
De-aired 
Water 
(65 and 85oC) 
P-1 3 3 3 N/A N/A 
P-2 3 3 3 3 3 
 
4.3. TEST RESULTS AND DISCUSSIONS 
The results are presented in five sub-sections, AO depletion, MI test, tensile test, FTIR, 
and correlation of test results.  First, the OIT test results were analyzed to understand the AO 
depletion in all incubation conditions.  Next, the change of molecular weight in terms of MI was 
assessed, followed by the discussion of tensile break elongation and FTIR spectra.  Finally, by 
correlating all of the tested properties, the three stages of oxidation process (Stage, A, B, and C) 






4.3.1. Antioxidant Depletion 
 
4.3.1.1. P-1 Test Results 
Air incubation 
The OIT changing trends of P-1 in air incubations at 65, 75 and 85oC are shown in Figure 
4-2.  The OIT retained value decreases exponentially with time and can be fitted by the first order 
reaction, as shown in Chapter 3 Equation (3.2).  The R2 value that indicates the proficiency of the 
test data with the fitted curve is above 0.9 for 65 and 75oC.  However, a lower R2 value of 0.71 is 
deduced from data at 85oC which might be caused by the rapid decrease in the OIT retained 
during the first 500 days of the incubation.  Results also showed an increased reaction rate with 
the increased incubation temperatures.   
 
 
Figure 4-2  AO depletion of P-1 in air incubation at 65, 75, and 85oC 
 
Water incubation 
In the water incubation, the depletion of AOs is significantly different from that in the air.  
A rapid drop of OIT was observed during the initial three months, followed by a much slower 























pattern described by Smith et al. (1992) and Viebke et al. (1992) and also observed by Mueller 
and Jakob (2003) in HDPE geomembrane.  According to Viebke et al. (1994) the rapid AO loss 
in the early aging period is due to the phase separation of AO containing particles precipitated 
from the polymer matrix.  Other researchers used High-Performance Liquid Chromatography 
(HPLC) to show certain type of AOs such as phosphates are susceptible to hydrolysis which can 
cause a significant reduction in OIT value (Nadejzda and Sigbritt, 2002, Rotschova et al., 1991) 
 
 
Figure 4-3 AO depletion of P-1 in water incubation at 65, 75, and 85oC using 1st order curve fit 
 
Similar to the analysis in Chapter 3, mathematical expressions to fit the experimental data 
of the two incubation conditions were also different.  Using the first order reaction, Equation 
(3.2), to analyze the water incubation data, the R2 values were dropped to as low as 0.646, as seen 
in Figure 4-3.  Thus, the first order reaction law cannot accurately express the relationship 
between OIT and aging time for P-1.  Therefore, the two terms first order model, Equation (3.4), 
is used to analyze the water incubation data.  Figure 4-4 shows the P-1 OIT retained data fitted by 
the two terms first order equation.  The R2 values range from 0.967 to 0.976.  The calculated 





























than the second term in an order of magnitude.  The results indicate that leaching/hydrolysis is the 
dominating factor for the initial AO loss of P-1.    
OIT Retained ሺ%ሻ=Ae-k1t+ (100-A)e-k2t   (3.4) 
where k1 and k2 = reaction rate; A= constant 
 
Figure 4-4 Curve fit P-1 water incubation data using two term first order model 
 
Table 4-3 Reaction rates for water incubation 
Temperature 
(oC) 
Reaction rate of P1 
(Two 1st order reaction) 
Constant 
k1 k2 A 
85 0.0283 0.00125 75.25 
75 0.0148 0.00064 75.02 
65 0.0074 0.00000 77.15 
 
Water/Air cycle incubation 
Figure 4-5 (a) shows graphs of P-1 OIT retained value versus aging time at three 
temperatures in water/air cycle.  The OIT decreasing rate increases with incubation temperature.  























primary AO loss was due to hydrolysis/leaching mechanisms.  As expected, the first order 
reaction is not suitable to model the OIT data obtained from water/air cycle incubation.   
Comparing all three incubation conditions (air, water, and water/air cycle) at a single 
incubation temperature of 85oC, Figure 4-5 (b), the most severe case of AO loss for P-1 is in the 
water/air cycle.  The OIT retained of 340 days are 5.5% and 12.5% for water/air cycle and water 
incubations, respectively.  This suggests the dominant AO loss was caused by leaching in water 
and the oxygen in the air cycle further contributed an additional AO consumption.   
 
Figure 4-5 P-1 (a) water/air cycle in three temperatures (b) three incubation conditions at 85oC 
 
AO migration in pipe liner 
To understand the AO migration within the sample P-1, profiles of OIT were obtained 
using the same procedure as described in Chapter 2, Section 2.3.2.1.  Due to the two part 
components of corrugated pipe, liner and crown, the locations of OIT specimens with respects to 
the pipe cross-sectional profile should be clarified.  The first slice of the OIT specimen was 
always taken from the inner pipe liner.  Therefore, the normalized thickness value, from 0 to 1, 
represents the progression thickness from the inner towards outer surface, as illustrated in Figure 













































Figure 4-6 Orientation of AO Profile 
  
Two specimens were taken from the liner to establish the initial OIT profile, see Figure 
4-7.  Data showed a much lower OIT value at the inner surface of the pipe than the side facing the 
crown.  The reason might be linked to the processing of the pipe.  Terselius et al. (1982) examine 
eleven sets of HDPE pipe and found an oxidized layer at the inner pipe under normal pipe 
extrusion process which was cooled by air at inner pipe and by water at the outer.  No oxidized 
layer was found when cooling with nitrogen.  Based on their findings, it might be possible that 
some of the AO were consumed during the cooling process and caused the lower initial OIT at 
the inner pipe surface of P-1.  However, when compared to the data with Terselius et al., they 
found the crystallinity of the oxidized layer was much lower than the bulk material (30 ± 5% at 
the surface; 55 ± 10% for the bulk materials) and the melting peak temperature at the surface is 
also lower than the bulk melt temperature (124 ± 3oC at the surface; 131 ± 2oC for the bulk).  












temperature of the two specimens were plotted on Figure 4-8. Large variability was found on the 
crystallinity profile between the two specimens illustrated the heterogeneous nature of the 
material, but the peak melting temperatures is almost the same across the thickness.  Comparing 
the surface crystallinity the bulk material of P-1, the crystallinity at the surface is 52 ± 8% and the 
bulk material is 56 ± 2%.  As for the melting peak temperatures, both bulk and surface melting 
temperatures are within the range of 128 ± 2oC.  The results imply that the degree of oxidation at 
the inner pipe might not degrade as much as samples tested by Terselius et al., (1982). 
 
 





















Figure 4-8 Crystallinity and melt temperature of P-1 
 
Concentrations of AO in terms of OIT values across the pipe liner’s thickness in oven 
and water incubation at 85oC are shown in Figure 4-9.  Unlike the compression molded plaque 
samples examined in Chapter 2 and 3, a non-linear profile of OIT curve was detected across the 
liner thickness during the incubation period.  Overall, a lower OIT value was found at the two 
surfaces.  This suggests that the consumption or evaporation of AOs was faster at the surface than 
the mobility of AO.  The most interesting phenomenon is that AOs depleted faster at the inner 
pipe surface than the outer surface facing the crown, especially in the water incubation, see 
Figure 4-9.  The OIT profile across the liner of P-1  are very different than those observed across 
the wall thickness of the smooth HDPE pipe in which  a relatively symmetrical parabolic OIT 
curve was obtained  throughout the aging duration in water and air incubations (Smith et al., 
1992, Viebke et al., 1996, Viebke and Gedde, 1997, Lundback et al., 2006).  The possible reason 
for the uneven OIT profile may be due to the greater amount of free radicals being generated in 
inner pipe layer in the cooling process.  During the incubation, lower AO concentration at one 















































Figure 4-9 AO profile of P-1 pipe liner at 85oC (a) oven (b) water 
 
4.3.1.2. P-2 Test Results 
 
Air incubation 
The OIT changing trends of P-2 in air incubation are shown in Figure 4-10.  Similar to P-
1, data show an exponential decrease of OIT with time, which occurs faster with increased 
incubation temperatures.    The OIT data can be fitted with the first order reaction, equation (3.2), 




























0 day 10 days 30 days




Figure 4-10 OIT depletion of P-2 in air incubation at 65, 75, and 85oC 
 
Water incubation 
The OIT data of water incubation at three incubation temperatures are plotted in Figure 
4-11. A rapid decease of OIT was found in the first 200 days and then the depletion was slowed 
down afterward.  Unlike P-1 water incubated dada, P-2 results at all three incubation temperatures 
can be fitted with the first order reaction law, Equation (3.2).  The correlation between the fitted 
curve and test data is acceptable with R2 values ranging from 0.895 to 0.959.  In addition, if two 
term first order methods, Equation (3.4), were used to analyze the three sets of the water data.  
The k1 and k2 can only be determined at 85oC, while the k2 became zero at 75oC and 65oC.  This 
suggests that the reaction rate of leaching/hydrolysis (k1) and chemical consumption (k2) is 
relatively similar in the water condition for the AO package in P-2 at all three temperatures.  































Figure 4-11 OIT depletion of P-2 in water incubation at 65, 75, and 85oC 
 
Water/Air cycle incubation 
In P-2 water/air cycle condition, OIT depletion rates increase with incubation 
temperature, see Figure 4-12 (a).  Among all three incubations (air, water and water/air cycle) at 
85oC, water incubation exhibits the fastest AO loss.  As shown in Figure 4-12 (b), the OIT 
retained of water/air cycle is slightly above water incubation during the aging period, indicating 
the dominated factor is leaching.  Unlike water/air cycle’s data of P-1, the air cycle did not cause 
additional AO loss on P-2.  The results demonstrate that the AO contained in P-2 might be more 































Figure 4-12 Sample P-2 (a) water/air cycle in three temperatures (b) three incubation condition at 
85oC 
 
Nitrogen and de-aired incubation 
The main purpose of performing test under these two incubation conditions is to evaluate 
the AO depletion under oxygen deficient environments so that the role of oxygen in the 
consumption of AO can be identified.  The OIT retained versus time in nitrogen and air 
incubations at 85 and 65oC were superimposed in Figure 4-13.  Data show that the OIT retained 
in nitrogen gas still remains at 94% after 280 days compared to 60% in air incubation at 85oC, 
implying that the loss of AO was caused by the present of oxygen.  At 65oC, the OIT retained is 
almost unchanged for both environments after 280 days.  The OIT retained in nitrogen gas and air 
is 97% and 93%, respectively.   
The AO loss of P-2 in nitrogen gas is much lower than the compression molded samples, 
B8 and B10, in Chapter 3.  Recalling the OIT results of B8 and B10 at 85oC nitrogen gas 
incubation, the retained values after 250 days were 88% and 72% respectively, implying that the 
loss of AO might be caused by reaction with CB and loss of I-168.  With the similar CB 
concentrations of the two materials, 2.5% in molded plaque and 2.3% in P-2, the relatively 
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severe as the molded plaque samples.  Another possible implication might be the AOs contained 
in P-2 are more stable at slightly elevated temperature, unlike plaque samples with I-168 which 
exhibit high depletion rate moderate temperature.    
 
Figure 4-13 AO depletion of P-2 in nitrogen gas and in air (a) at 85oC (b) at 65oC 
 
  OIT retained in de-aired water incubations at 85 and 65oC are shown in Figure 4-13.  At 
85oC de-aired water, OIT retained value remained at 100% for the first 30 days and then 
decreased to 30% after 90 days.  The decreasing trend is similar to that in the water incubation.  
After 90 days, the AO retained reached similar levels at about 30% for both conditions.  Results 
indicate that the dominant effect of AO loss in water might be leaching and the oxygen content 
did not play a significant role in the long term AO consumption.  At 65oC, the depletion is almost 














































Figure 4-14 AO depletion of P-2 in De-aired water and in water (a) at 85oC (b) at 65oC 
 
AO migration in pipe liner 
The profiles of OIT across the pipe liner of P-2 in air and water incubations are shown in 
Figure 4-15.  The OIT profile of unaged pipe liner showed a relatively uniform curve with a 
slightly higher OIT at inner pipe side, which is different than that of the P-1 pipe  This may 
suggest that the cooling process of P-2 is different than P-1.  However, uneven parabolic profiles 
are observed in both air and water aged samples.  Interestingly the OIT depletion at inner pipe 
side is much faster than the side facing the crown, and this behavior is same as as P-1.   
The crystallinity profiles of P-2 in oven and water conditions are shown in Figure 4-16 
(b).  In oven incubation, a slight decrease of crystallinity is observed while a significant drop in 
the percentage of crystallization is detected in water samples.  These results are unexpected.  
While most of the incubated aged samples in this study did show different degrees of re-
crystallization, only P-2 incubated samples exhibited a decrease in the crystallinity.  The Increase 
crystallinity can explained by the chain scission of constrained chains or higher mobility of 
polymer chains due to elevated temperatures, which allows the freed chains to crystallize (Hamid 
et al., 1992). However, the reason for the decrease of crystallization in P-2 is unclear.  It might be 
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re-crystallization to occur.  Terselius et al., (1982) suggested that a crosslinked structure is unable 
to allow large chain rearrangement, which ultimately prevents the polymer chain to re-align.     
 
 
Figure 4-15 OIT profiles of P-2 in (a) air incubation (b) water incubation 
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4.3.2. Melt Index Test Results 
 
4.3.2.1. P-1 Test Results 
The MI test results of P-1 in three incubation conditions are presented in Figure 4-17 (a) 
to (c).  For oven incubation, MI dropped below 80% after 100 days at 85oC, while it remained 
100 ± 10% at 75 and 65oC.  For water incubation, the last data point at 344-days was still at 100 ± 
10% at 85oC.  Slightly lower values were obtained for cycle condition at the same aging time, 
77% at 85oC and around 86% for 75 and 65oC.  The results indicate that the water/air cycle have a 
greater effect on molecular weight changes than water incubation.  This observation also agrees 
with the OIT data obtained in Section 4.3.1.1.  A decrease of MI reflects increased molecular 
weight, implying crosslinking/chain branching might occur.   
 
Figure 4-17  P-1 MI vs. time at three temperatures (a) in oven,  

































































4.3.2.2. P-2 Test Results 
Figure 4-18 shows the MI retained versus time in air, water and cycle conditions for P-2.  
After 810 days oven incubation, MI decreased to 80% at 85oC; while less than 10% changes were 
detected at lower incubation temperatures.  For samples immersed in water, MI retained dropped 
below 40% at 492 days at 85oC and 60% at 75oC after 1170 days.  No significant change in MI 
was detected at 65oC after 1100 days.  Similar to P-1, a decrease of MI indicates cross-linking or 
chain branching in the molecular structure.  For samples exposed to cycle incubation, slightly 
lower values were obtained after 373 days at 85oC (82% retained), while the samples at 65 and 
75oC still remain at about 100%. 
 
Figure 4-18 P-2 MI vs. time at three temperatures (a) in oven,  



































































4.3.3. Tensile Test Results 
 
4.3.3.1. P-1 Test Results 
Figure 4-19 shows the tensile breaking elongation retained in all three incubation 
conditions, air, water, and water/air cycle, at 85oC.  Breaking elongation retained of air incubation 
were still at 100% ± 20% after 1000 days.  On the other hand, both water and cycle incubated 
samples exhibited a rapid decrease of breaking elongation within the first 200 days of incubation.  
Property retained values for 184 days water and 196 days cycle samples were 25% and 40% 
respectively.  As shown in Figure 4-19, not only the break elongation dropped dramatically, but 
the standard deviations also increased.  The reason of the rapid decrease in breaking elongation 
and the large standard deviation is due to delamination in the incubated pipe specimens.  
Delamination occurred when the specimen began to elongate. As the specimen continued being 
strained, the delamination might have propagated or multilayers of separation might have been 
developed in some samples.  In some cases, the separation discontinued to propagate.  Figure 
4-20 shows photos of each of the cases.  Because of the delamination behavior, multiple breaking 
would take place in a single specimen; thus it was difficult to define the absolute breaking 
elongation.    This behavior only occurred in aged samples and it started as early as 30 days of 





Figure 4-19 P-1 breaking elongation retained vs. time in three different conditions at 85oC 
 
 
Figure 4-20 (a) multilayer of delamination (b) partial delamination 
 
In order to evaluate the possible impact of incubation temperature and duration on the 
delamination behavior, the severity was quantified.  A ranking system based on the delamination 
length was established, see Table 4-4.  There were five specimens tested at each incubation time 
point.  The total scores were the sum of the five tested specimen, maximum of 100 points.  Figure 
4-21 shows the degree of delamination at 65, 75, and 85oC for three incubation conditions.  No 
conclusive correlation was found between the degree of delamination and incubation temperature 
or incubation time.  In general, there are two observations: 1) in oven incubation, most of the 
samples that reached higher than 60 points were those at 85oC, and 2) samples in water and cycle 






























Table 4-4 Ranking system for delamination 
Delaminated Length Ranking Point 
Severe:         ≥ 90% 20 
High:           89% to 50% 15 
Medium:     49% to 11% 10 
Low:            ≤ 10% 5 
No Delamination 0 
 
 
Figure 4-21 Degree of delimination at three temperatures (a) air (b) water (c) water/air cycle 
 
The reason for the delamination is unknown.  One of the possibilities might be poor CB 
dispersion, as seen in Figure 4-22.  The uneven distribution might create different CB 
concentration zone.  The re-crystallization process under elevated temperature might be different 
in the pure HDPE zone and HDPE-CB zone, emphasizing the characteristic of the layers of 
heterogeneous region.  Therefore the delamination occurred once the incubation started.  It is 
possible that the chain drawing of entangled network at the two zones might be different under 












































































than the one with CB).  If the heterogeneous region is wide enough, those layers might separate 
under stress and result in delamination. 
 
 
Figure 4-22 Microtomed image of P-1 
 
4.3.3.2. P-2 Test Results 
Figure 4-23 shows the tensile breaking elongation retained in all three incubation 
conditions, air, water, and water/air cycle, at 65, 75 and 85oC.  No delamination was observed in 
any aged or as-received samples.  Unlike P-1’s data, which exhibited more than 50% reduction 
within first 30 days of incubation, it took more than 240 days to reach 60% retained at 85oC water 
incubation.  An induction period, property remained at 100 ± 20%, was observed in all three 
incubation conditions. Based on the 75 and 85oC data, water incubated samples exhibited the 
fastest decrease in tensile property, followed by those in water/air cycle.  Such results were 
expected since the depletion of AO was the fastest in water condition.  For water incubated 
samples, the tensile breaking elongation retained dropped to 21% after 492 days at 85oC while the 
retained value was at 41% after 1171 days at 75oC.  However, a large variation in the tensile 
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break elongation with aging time was also detected.  The reason might be due to heterogeneous 
oxidation, as explained in Chapter 2 section 2.3 and Chapter 3 section 3.3.1.2.   
The decreasing trend of water/air cycle seems to fall between water and air.  Before the 
termination of the experiment (at 582 days), the retained values were 61% at 85oC and 100% ± 
20% for 75 and 65oC.  Breaking elongation retained of oven incubated samples still remained 
around 100% for 65, 75 and 85oC after 800 days.   
 
 
Figure 4-23 P-2 breaking elongation retained vs. time in three different conditions  
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4.3.4. Fourier Transform Infrared Test Results 
 
4.3.4.1. P-1 Test Results 
Figure 4-24 shows the un-aged pipe liner samples of P-1 at inner and outer surfaces.  A 
broad peak in the range of 1600 – 1700 cm-1 and 1000-1100 cm-1 were found at inner pipe 
surface.  Peaks around 1650 cm-1 might be C=O and the wide band absorption at 1100 cm-1 might 
indicate anti-symmetric C-O-C stretching vibration (Günzler and Gremlich, 2002).  As mentioned 
in Section 4.3.1.1, AO migration in pipe liner, the reason for such a difference for the two 
surfaces of the pipe may be due to the processing.  The inner surface was cooled by blowing air 
while the crown usually wasn’t.  Oxygen in the air may react with the pipe and causes the higher 
intensity at 1600 – 1700 cm-1 and 1000-1100 cm-1.  Similar results were also observed by 
Terselius et al. (1982).  Using IR spectroscopy, the authors also found broad carbonyl absorption 
(ranges from 1650 to 1800 cm-1 with two major bands at 1705 and 1725 cm-1) on the oxidized 
inner pipe surface. 
The spectra of inner surface of P-1 at 0 days and 737 days in air incubation are shown in 
Figure 4-25.  The intensity (I) of the peak at 1650 was calculated using Equation (4.1).  The 
results of 0 days and 727 days are 0.065 and 0.0878, respectively.  Data indicate the intensity 
increases with incubation time. 





Figure 4-24 FTIR of the pipe side and crown side of Un-aged P1 
 
 
Figure 4-25 FTIR of P-1 at 0 days and 737 days in oven 
 
4.3.4.2. P-2 Test Results 
Similar to the P-1 un-aged sample, different spectrum was found on the initial sample of 
inner and outer surfaces of P-2, see Figure 4-26.  Peaks at 1600 – 1700 cm-1 and 1000-1100 cm-1 
were found at inner surface.  The two distinct spectra of the two pipe’s inner surfaces and crown 
sides clearly demonstrate the affects of processing on the pipe. 
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Figure 4-26 shows a supper imposed FTIR spectra of the initial sample and samples at 
85oC for 1300 days.  The peak at 1640 cm-1 started to shift to 1725 cm-1 over time.  This may 
indicate that the oxidative reaction takes place and carbonyl compounds begin to build up.  
Carboxyl index of the initial and oven aged samples of P-1 and P-2 are shown in Table 4-5.  
Comparing the two pipes at the initial stage, the intensity of the initial peak at 1640 cm-1 of P2 
(I=0.0343) is less than P-1 (I=0.065) while the peak at around 1725-1740 cm-1 is about the same.  
This might be part of the reason the initial OIT is lower on P-1 surface while P-2 did not have a 
significant drop of OIT.   
 
 






Figure 4-27 FTIR of P-2 inner pipe at 0 days and 1300 days at 85oC oven 
 
Table 4-5 Carbonyl index of P-1 and P-2 initial and oven incubated samples 
Sample Days 
Carbonyl Index 
1620-1640 cm-1 1725-1740 cm-1 
P-1 
0 0.065 0.0153 
727 0.0878 0.0405 
P-2 
0 0.0343 0.0172 





• The OIT retained value of P-1 decreases exponentially with time in air.  On the contrary, 
water incubation data is expressed in two-term first order reaction equation which implies AO 
undergoing hydrolytic reaction during the early incubation period.   However, the AO 
depletion trends of P-2 can be expressed in first order reaction equation for the three 
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incubation conditions indicating the AO package of P-2 is less prone to hydrolysis than that 
in P-1. 
• Hydrolysis is the dominant factor of the AO loss in water/air cycle for both pipes.  
Comparing the three incubation conditions, water/air cycle exhibit the greatest loss of AO 
among the three incubation conditions for P-1 while water incubation showed the highest 
depletion rate in P-2. 
• The AO consumption of P-2 in nitrogen atmosphere is minimal, suggesting the AO package 
of this pipe neither have strong interaction with CB nor exhibit high AO evaporation rate.  It 
further confirmed that the decreasing OIT in air is mainly caused by oxidation.  
• Asymmetric AO profiles were found in air and water incubated samples of P-1 and P-2 at 
85oC.   The manufacturer processing might cause a slightly oxidized layer on the inner pipe 
and led to uneven oxidation rate of the two surfaces. 
• The MI of P-1 and P-2 in three exposure environments showed a gradually decreasing trend, 
indicating crosslilnking/chain branching is the dominating degradation mechanism.  The 
sensitivity of MI test is higher than OIT test for reflecting the material structural changes after 
the AO depleted to low level.  Critical OIT values corresponding to the MI retained reached 
90% are higher in air than in water for both pipes, showing higher oxygen content increase 
the degradation rate.  
• Delamination occurred for P-1 aged samples during tensile testing which decrease the 
breaking elongation dramatically.  The reason might cause by the poor dispersion of CB 
which create layers of heterogeneous zone (HDPE region and HDPE-CB region).   
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Chapter 5   DISCUSSIONS AND CONCLUSIONS 
5.1 DISCUSSIONS 
The goal of this research program is to examine the effects of temperature, exposure 
environment (air, water, and anaerobic conditions), carbon black (CB), and antioxidant (AO) 
types on the oxidative degradation process of HDPE.  Two groups of materials have been 
included in this study: the first group involves custom made samples with known AO 
formulations (Chapter 2 and 3) and the second group consists of two commercially available 
corrugated pipes with unknown AO packages (Chapter 4).  The summary of the major findings 
and discussions are presented as follows: 
5.1.1 Unstabilized samples without and with CB 
Two sets of materials, pristine HDPE without and with CB, were custom made to 
evaluate the effects of CB on thermo-oxidation.  The type of CB used in this part of the study was 
designed for blow film process with 75nm particle size. 
For unstabilized samples (without AO), adding CB noticeably delays the time to reach 
50% tensile breaking elongation in air incubation environment, whereas no delaying degradation 
is found in water incubation.  The delaying thermo-oxidation effects observed from samples 
incubated in the air environment might be related to the oxygen containing functional groups, 
such as phenolic groups and quinone, on the surface of CB.  Those functioning groups probably 
acted as radical scavengers, extending the induction period of oxidation process.  Similar findings 
were also observed by other researchers.  Some researchers used oxygen uptake to measure the 
oxidation rate.  They found that by adding CB in polyolefin, it can prolong the induction period.  
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The effectiveness of thermal protection increased as the oxygen containing groups’ content 
increased (Hawkins et al., 1959; Kovacs and Wolkober, 1976).   
Based on MI results, samples without CB exhibited different degradation mechanisms in 
water and air; chain scission in air and crosslinking in water.  In addition, FTIR spectra revealed 
carbonyl groups on the surface of air incubated samples, but not on the surface of water incubated 
samples, further confirming the two degradation reactions.  Grassie and Scott (1988) suggested a 
series of alternative reactions of alkyl radicals with PE under oxygen deficiency (which favored 
cross-linking/ chain branching) and oxygen excess conditions (which were dominated by chain 
scission).  In contrast, chain branching is the dominant oxidation mechanism for samples with CB 
in both air and water incubations.  This may be caused by the surface functional groups of CB 
reacting with hydroperoxide during air incubation, preventing chain scission from occurring. 
 
5.1.2 Stabilized samples without CB 
This group of materials was custom made to evaluate the depletion behavior of two types 
of AO (primary AO: I-1010 and processing AO: I-168) in various concentrations. 
For the stabilized samples, adding I-168 to pristine HDPE increases the initial OIT and 
reduces the consumption of primary AO (I-1010) for approximately 10% during the extrusion 
process.  Furthermore, the OIT depletion rates are faster for samples with I-168 than samples 
containing only I-1010; i.e. at 85oC air environment, the OIT retained of samples with only I-
1010 (B3 and B7) remained at 90% OIT retained after 1200 days while samples with I-1010 and 
I-168 (B5 and B9) decreased to about 50% retained at the same duration.  This observation was 
found at four incubation temperatures in air incubation and in water conditions.  HP-OIT test 
results confirmed the hypothesis of the loss of I-168 is the cause of the high depletion rate.  The 
high depletion rates of the samples contained I-168 were not only observed in elevated 
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temperature environments, but also at room temperature.  For samples containing I-168, their OIT 
values dropped more than 50% after 1200 days stored at room temperature.  One of the possible 
reasons might be due to the low hydrolytic stability of I-168 (Tochacek and Sedlar, 1995; Haider 
and Karlsson, 2002). 
An unexpected reverse temperature effect was observed for samples with I-1010 only; a 
slower AO depletion rate was detected at 85oC than at 65oC.  Moreover, the AO profile at 85oC is 
different than the one at 65oC.  For the first year of incubation at 85oC, an even distributed AO 
was found across the thickness of the samples.  Then a “U” shape profile (higher AO at the two 
surfaces) started to form over time.  In contrast, a symmetric parabolic profile was observed 
throughout the incubation duration at 65oC.  This abnormal reverse temperature effect raises two 
questions.  First, can OIT test method reflect the consumption of I-1010?  In order to answer this 
question, a closer evaluation of the obtained data was needed.  In this research, the HP-OIT and 
OIT results showed increasing values with increasing concentrations of I-1010, which proved the 
tests can reflect the relative concentration of the AO.  The decreasing OIT trends observed from 
water incubation also illustrates that the OIT test can detect the loss of I-1010.  Furthermore, 
other researchers including Dörner and Lang (1998 a,b) and Haider and Karlsson (2002) extracted 
the I-1010 from their samples and the results were in agreement with their OIT results.  
Therefore, it can be concluded that the OIT test can be used to reflect the relative concentrations 
of I-1010.  Second, why is I-1010 not being consumed in elevated temperature?  The answer for 
this question is unclear.  Based on the profile data, it was found that the bulk OIT value reflect the 
average value of the profile across the thickness.  Therefore, the low OIT observed at 65oC is 
caused by the AO loss at the surface.  Regarding the low consumption of AO at 85oC, one of the 
possibility is that a thin layer of crosslinked polymer was formed on the surface due to the 
thermo-oxidation at high temperature; as a result, the diffusibility of oxygen into the polymer was 
reduced, which led to lower overall AO consumption at 85oC.  Because of the oxidized layer, 
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AOs cannot migrate out of the surface causing a slight “U” shape profile over time.  At 65oC 
oven, the crosslinked reaction is slower than 85oC which allows oxygen to be slowly diffused into 
the polymer, leading to a higher consumption of AO at the surface.  In order to confirm this 
hypothesis, FTIR analysis was performed.  In Figure 5-1, two FTIR spectra of B3 with 1050 days 
in a forced air oven were superimposed: one is at the surface and the other is 0.06mm below the 
surface.  For the surface spectrum, it showed a distinct peak at 1730cm-1 and multi-peaks at 1270 
to 1000 cm-1.  The 1730cm-1 peak is assigned as ketones, one of the carbonyl compounds.  
According to Gunzler and Bremlich (2002), peaks at 1250 to 910 cm-1 could indicate chain 
branching occurred.  The FTIR results suggested a formation of an oxidized layer, possibly cross-
linked, at the surface.  However, the oxidized layer did not extend beyond the depth of 0.06 mm; 
i.e. no peak was observed at 1730 or at 1270 - 1000 cm-1 below the surface.  Therefore, it can be 
concluded that no oxidation occurred at the interior of the sample.  The same analyses were 
performed on the B3 at 65oC for 1050 days, see Figure 5-2.  Similar with the sample at 85oC, an 
oxidized layer was found on the surface, but a small peak at 1730 cm-1 was observed at 0.08 mm 
below the surface.  It might imply that at 65oC, a small amount of oxygen can penetrate through 
the surface and react with the polymer, causing a formation of ketones compounds.  The FTIR 

















5.1.3 Stabilized samples with CB 
The effects of CB on AO depletion were examined in Chapter 3.  Objectives of the tests 
not only evaluated the oxidation under various incubation environments, other parameters 
including CB particle sizes (27 to 75nm), CB concentrations (2 to 5 wt%) and AO types (I-1010 
and I_168) and AO combinations were also investigated.  
For the stabilized samples with CB, a linear relationship between CB concentration and 
initial OIT were found; i.e. initial OIT increases as CB loading increases.  Similar results also 
have been found by other researchers (Phease et al., 2000 and Pleshanov et al., 1982).  
Comparing the effects of CB particle sizes, samples with smaller particle sizes, 27nm, obtained a 
higher initial OIT than samples of 75nm.  Data suggest that the initial OIT value can be affected 
by two parameters: the surface functional groups and the structure of CB.  The first parameter, as 
mentioned in section 5.1.1., the surface functional groups on CB can react with free radicals.  It is 
suspected that the number of hydroxide groups increases as the concentration or the specific 
surface area increases.  Therefore, AO and CB can react with free radicals separately during the 
high temperature of the OIT test environment, resulting in higher initial OIT.  Second parameter, 
the structure of CB could affect the number of the functional groups exposed to the polymer 
matrix.  Since the surface area of sphere is in form of 4πr2, the relationship between particle size 
and the surface area should be in exponential form.  The two linear relationships indicated the 
total exposure surface might not be controlled by particle size only.  The overlapping CB 
structure reduced the number of functional groups which can react with the free radicals. 
Despite the advantage of high initial OIT, a faster reaction rate was found on samples 
with higher concentrations of CB under air incubation conditions.  The reason might be related to 
the chemical influences of the functional groups such as carboxyl and quinones on the surface of 
CB.  Those functional groups on CB might attract the AO onto the CB surface through various 
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possible reactions.  One of the hypotheses is the AO absorped onto CB due to the hydrogen 
bonding between the AO and hydrogen from carboxylic and phenolic groups on the CB surface 
(Peña et al., 2001; Hawkins et al., 1959).  During the incubation, the elevated temperature 
increases the chemical reaction rate; however, the mobility of AO is not high enough to detach 
from the CB surface to react with the free radicals in the polymer.  Furthermore, according to 
Kovacs and Wolkober (1976), the quinone type of functional group might have a higher reactivity 
with the OH on the antioxidant than free radicals in the polymer.  As a result, the AO was 
chemically consumed by CB during the oven aging, causing a rapid drop of OIT.  Since the 
chemical consumption is related to the number of functional groups, the higher concentration of 
CB leads to a higher depletion rate.   
In order to verify the rapid decrease of OIT is caused by the interaction between CB and 
AO and not by oxygen, samples were incubated in nitrogen environment.  Results illustrated OIT 
drop in nitrogen condition, further confirmed the CB react with AO. 
In water incubation, CB concentration and particle sizes have no significant influence on 
the AO depletion rate.  After 127 days, the OIT dropped below 20% retained for all samples.  
Compared to air incubation data, the depletion rate is much faster in water than in air, indicating 
another mechanism such as AO leaching took place during water incubation.  Although CB could 
adsorb AO onto its surface, it still could not prevent the rapid AO loss in water condition.   
At 2.5% CB loading, all samples exhibit an exponential OIT decreasing trend with aging 
time, regardless of the types and amount of AO.  However, the shape of the depletion curve was 
found to be influenced by the ratios of the two AOs.  In samples with a greater amount of 
processing AO (I-168), the OIT data tends to deviate further from the first order reaction 
equation.  The depletion differences of the two AOs also can be reflected in the R2 values when 
the data are fitted into an exponential equation, see Table 5-1.  B6, with 2:1 ratio of I-168 and I-
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1010, consistently has the lowest R2 in both air and water conditions at 85oC; followed by B10, 
with 1:1 ratio.  Recalling the results from Chapter 2 (samples without CB), I-168 exhibits a higher 
depletion/evaporation rate than I-1010 at all temperatures.  The same depletion characteristic is 
also shown for the samples with CB, despite the strong interaction between AO and CB.     
Table 5-1 Values of R2 for B6, B8, and B10 in air and water incubation at 85oC 
Samples Ratio of I-168: I-1010 
R2 values 
Air Water 
B6 2:1 0.850 0.125 
B8 Without I-168 0.957 0.769 
B10 1:1 0.929 0.534 
 
In water incubation, rapid decreases of OIT were found in the first 90 days of the 
incubation.  As shown in Table 5-1, the first order reaction rate equation cannot accurately 
express the relationship between OIT and aging time.  Two-term first order reaction models 
which represent two competing or parallel mechanisms, was used to represent the data in water 
condition.  The analyzed results yield a much better fit; i.e. R2 values range from 0.9914 to 
0.9998 for the three CB samples.  It was suspected that the two competing/parallel mechanisms 
are hydrolysis (fast depletion rate) and AO migration (relatively slower rate).  The two reaction 
rates in Table 5-2 illustrate that the sample B6 (contained 2:1 ratio of I-168 and I-1010) exhibits 
the highest depletion rates on both k1 and k2 while B8 (I-1010 only) has the lowest k1.  Results 
suggest that the hydrolytic stability of I-168 is lower than I-1010, leading to a faster OIT drop in 
the early stage of incubation.  For the stabilizer contain in phosphites, such as I-168, it was known 
to be susceptible to hydrolysis, leading to the formation of other degradation products such as 
phosphonate, hydrophosphate, and phosphorous (Tochacek and Sedlar, 1995; Haider and 
Karlsson, 2001; Rotschova et al., 1991).  The hydrolysis reactions of I-168 were given by Haider 
and Karlsson, 2001, as shown in Figure 5-3.  As for I-1010, the possible reactions and the 
reaction products are more difficult to identify.  However, most researchers agreed that during the 
139 
 
reaction, water molecules attacked one of the carbonyl group of I-1010, causing a split off or 
fragmentation of the original molecule.  The byproducts of the chemical specie might undergo 
further reaction or leach out of the matrix (Nagy et al., 2003; Bertoldo and Ciardelli, 2004; Haider 
and Karlsson, 2002; Brocca et al., 2002).  Bertoldo and Ciardelli (2004) proposed that the first 
split off compound of I-1010 is in a form of organic acid which could further react with the 
remaining AO. Their proposed reaction scheme is shown in Figure 5-4.  Nagy et al., (2003) 
evaluated the hydrolytic stability of Hostanox O10 (which has the identical chemical structure 
and properties of I-1010) using high performance liquid chromatography (HPLC) and mass 
spectrometry detector (MS) to analyze the reaction products.  They found 18 hydrolysis products, 
in which two compounds were identified as fragments of the original molecule.  Brocca et al., 
(2002) evaluated the organic chemicals which were leached from the PE pipe into the water by 
gas chromatography-mass spectrometry (GC-MS) analysis.  They filled fresh water in the four 
different PE pipe samples, capped both ends, and tested the removed water after 7 days.  A total 
of 10 organic compounds were found in the tested water.  Four of those compounds were also 
detected by GC-MS in I-1010 as byproducts or impurities.  The four compounds are shown in 
Figure 5-5.  Based on the results in this research and chemical reaction models which were 
conducted by other researchers, it can be concluded that hydrolysis occurred in the water 
environment and led to rapid AO loss at an early stage of incubation. 
 
Table 5-2  Reaction rates of B6 to B10 in water incubation condition using a two terms first order 
equation 
Samples Ratio of I-168: I-1010 
Reaction Rate (days-1) 
k1 k2 
B6 2:1 0.0741 0.0039 
B8 Without I-168 0.0222 0.0020 





Figure 5-3 The hydrolysis of I-168 (Haider and Karlsson, 2001) 
 
 
Figure 5-4 Proposed reaction mechanism of I-1010 in water (Bertoldo and Ciardelli, 2004) 
 
 
Figure 5-5 The four compounds which were detected in water extracted from pipes and as 
byproducts or impurities of I-1010 (Brocca et al., 2002) 
141 
 
In addition to the effects of CB on the AO depletion, the formulation of the AO package 
was also found to be a contributing factor of the long term performance.  From samples which 
were incubated in an 85oC oven, the only sample in which tensile properties reached below 50% 
retained after 800 days of incubation are the samples with 2:1 ratio of I-168 and I-1010.  Other 
samples are still at about 100% tensile retained over 1000 days of incubation.  It has been proven 
that this combination is the least effective for protecting HDPE against thermo-oxidation than the 
other formulations in this study.   
 
5.1.4 Corrugated Pipe with unknown AO package 
Two commercially available corrugated pipes (P-1 and P-2) containing 2.5% CB with 
unknown AO formulations were evaluated in water, air, and water/air cycle environments.  In an 
air incubation, the OIT decreases exponentially with time for both pipes.  In water environment, 
P-1 exhibits rapid AO loss in the early stage of incubation reflecting a strong hydrolytic reaction.  
As a result, the OIT data are expressed in a two-term first order reaction which represents two 
separate reaction mechanisms, hydrolysis and diffusion.  In contrast, P-2 data can be fitted by the 
first order reaction rate suggesting the AO in P-2 is less prone to hydrolysis than that in P-2.  As 
for the water/air cycle, hydrolysis is the dominating factor of AO loss for both pipes.  Comparing 
the three incubation conditions, the most severe case of AO loss for P-1 is the water/air cycle and 
the water incubation for P-2.  Results indicated that the AO package in P-1 is more susceptible for 
hydrolysis and exhibits higher AO loss in air than the AO package in P-2.   
Based on the results of the known AO samples, the characteristics of the AO depletion 
trend can be generalized and used to interpret the results of the corrugated pipes with unknown 
AO packages.  For the two corrugated pipes, the OIT depletion of P-1 shows a much faster AO 
loss during the early stage of the incubation period than that of P-2.  The R2 values of the two 
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pipes in air and water at 85oC are listed in Table 5-3.  P-2 can be expressed in first order equation 
with sufficient accuracy while P-1 cannot.  Using the same depletion tendency observed from the 
custom made samples to interpret the AO package of P-1 and P-2, it suggests that the stabilizer in 
P-1 contained a higher concentration of processing stabilizer, such as I-168, than P-2. 




P-1 0.712 0.646 
P-2 0.956 0.897 
 
Comparing the OIT values of custom made samples and corrugated pipes that are stored 
at room temperature after more than 1000 days, the value of P-1 and P-2 are almost the same as 
the initial OIT, while the custom made samples (B4, B6, B8, and B10) decreased considerably.  
For the custom made samples, the reason for the AO loss at room temperature is due to the 
presence of I-168 and the interaction between AO and CB (see Chapter 2 Section 2.3.2.1 and 
Chapter 3 Section 3.3.2.1).  Recalling the nitrogen gas incubation of P2 (Chapter 4 Section 
4.3.1.2), data suggests that the CB used in P-2 does not strongly react with AO (94% of OIT 
retained at 85oC after almost 300 days) and AO does not evaporate at elevated temperature.  As 
for P-1, test data indicated that P-1 exhibits high AO depletion rate in air at elevated temperature 
and strong hydrolysis but little change OIT was found at room temperature.  One of the 
interpretations is that the AO package in P-1 may not contain AO which is highly susceptible to 
moisture, such as I-168.  Therefore, slow interaction between CB and AO might be one of the 
reasons the OIT of these pipes remained at their initial value while the custom made samples 
exhibited OIT decrease. 
In addition to the types of AO which can affect the shape of average AO depletion trends, 
the sample preparation or manufacturing process of the material might play a role on how the AO 
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migrates within the polymer.  For custom made samples, pellets were melted and cooled between 
two metal plates with little exposure in air, which means that the surfaces of the sample were 
unlikely to react with oxygen.  However, the manufacturing process of the corrugated pipe is 
quite different.  The molten polymer is injected into the mold and the inner pipe surface is cooled 
by air, which causes the early formation of carbonyl groups at the inner pipe surface.  The 
carbonyl groups were detected by FTIR analysis (recalled Chapter 4, Section 4.3.1).  As a result, 
a higher AO consumption rate was found at the inner pipe side, resulting in asymmetric AO 
profiles in the P-1 and P-2 samples at 85oC.  On the other hand, the OIT profiles are consistent 
across the thickness of the custom made samples which were compression molded (recalled 
Chapter 3, Section 3.3.2.1). 
The MI data showed a gradually decreasing trend with time for P-1 and P-2 in all three 
incubation conditions, which suggests crosslinking is the dominating mechanism.  The sensitivity 
of the MI test is higher than OIT for monitoring the polymer degradation when the AO reached to 
a low level, for P-1 and P-2 is about 20% OIT retained.  Regarding tensile tests, delamination 
along the specimen thickness was observed in P-1 aged samples.  Since this behavior was 
observed as early as 30 days of incubation, oxidation is unlikely the cause (MI was almost at its 
original value and OIT did not deplete to a critical level).    
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5.2 LIFETIME PREDICTIONS 
5.2.1 Correlation 
As mentioned in the earlier chapters, the degradation process can be divided into three 
conceptual stages: Stage A-depletion of AOs; Stage B-induction period; and Stage C-degradation 
of the polymer, see Figure 5-6 (Hsuan and Koerner, 1998).  In Stage A, the AOs react with free 
radicals.  During this period, the physical properties should remain unchanged until the 
antioxidants deplete to a critical level.  Stage B refers to the induction time, which is the early 
stage of autoxidation.  At Stage C, the oxidation of the polymer propagates rapidly and leads to 
property changes.  The end of Stage C is defined as the physical properties reached 50% of its 
initial value.  In this research, correlation of OIT depletion and changing of physical properties 
were found in both custom made samples (samples with CB in air incubation) and corrugated 
pipes (in air and water environments).  Detail procedures of identifying the critical OIT value and 
defining criteria for the three stages are as follow: 
 
Figure 5-6 The three stages of oxidation process 
 
















5.2.1.1 P-1 Corrugated Pipe 
The identification of the oxidation process require the three tests results (OIT, MI, and 
tensile) and the delamination of P-1 skewed the tensile property results which make the 
determination of Stage C impossible.  Therefore, the analysis and determination the A, B, and C 
stages rely on the results of P-2. 
For P-2, the analysis focuses on test data obtained from 85 and 75oC water incubation, 
since MI and tensile breaking elongation dropped below 60% and 50%, respectively.  Figure 5-7 
shows graph plotting MI, tensile breaking elongation, and OIT retained versus time at 85oC.   The 
MI retained value remains at 100% ± 5% within first 180 days while OIT depleted to 20%.  After 
200 days, the MI started to decrease steadily to 40% at 492 days.  Similarly, tensile breaking 
elongation also started to decrease after 200 days; however, the decreasing trend fluctuated with 
aging time.  The simultaneous decrease in MI and break elongation suggests that the critical OIT 
value is at approximately four to five minutes at which the remaining AO is no longer sufficient 
to protect the material.  Since oxidation reaction processes much faster at elevated temperature, 
the duration of induction period (Stage B) is difficult to be defined.  At 85oC, Stages A and B 
could be defined as the first 200 days of incubation in which the OIT retained was still at 20%.  
As aging enters into Stage C, free radicals can no longer be stabilized by the antioxidants.  
Instead they react with the polymer and led to decrease in molecular weight. Comparing MI and 
breaking elongation retained values, the MI decreased steadily with time while breaking 
elongation fluctuated with aging time.  Therefore, MI is more reliable to assess changes in 
molecular weight after the OIT critical level was reached.  
Figure 5-8 shows all three properties retained at 75oC water incubation.  The time to 
reach Stage C is longer than 85oC; however, the trends are similar to those at 85oC.  MI and 





Figure 5-7 Properties of P-2 vs. time in water incubation at 85oC 
 
 


















































Although the tensile properties of P-1 cannot truly reflect the strength of the materials 
due to delamination, the OIT and MI data are still valid.  Correlation of AO depletion and the 
change of molecular structure are examined.   For P-1, the water and water/air cycle at 85oC were 
selected due to the changes of properties being the most significant among all three temperatures 
and conditions.  Figure 5-9 (a) and (b) show plots that superimpose all three properties, OIT and 
MI versus time at the two incubation conditions.  As shown in Figure 5-9 (a), the MI remained at 
100% ± 10% even though the OIT dropped to 20%.  Data confirmed that rapid decrease of 
breaking elongation at early incubation was unlikely caused by oxidation.  For the water/air cycle, 
Figure 5-9 (b); both OIT and MI reveal a slow continuous decreasing trend after 200 days.  This 
might imply that critical level of OIT was reached while the molecular weight was being affected.  
 
 
Figure 5-9 Properties retained against time of P-1 samples (a) in water (b) cycle 
 
5.2.1.2 Custom Made Samples 
Among all the custom made samples, only B6 in oven incubation showed significant 
tensile properties reduction.  Therefore, the focus in this section will be on this sample only.  In 
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Data indicated that MI started to drop when AO retained reached below 20% (after 300 days) and 
continuously dropped.  The tensile property fluctuated greatly for the first 600 days; while a more 
consistently decreasing trend was observed as the MI reached 80% retained and 5% AO was 
retained (which is about 2 min.).  The vertical red-dashed line represents the incubation time at 
which the tensile property started to drop and which the MI reached 80% retained.  In this case, 
Stage A and Stage B can be defined as the first 600 days of incubation; therefore, the critical OIT 
value was selected to be 2 minutes.   
 
 
Figure 5-10 Change in OIT, MI, and tensile breaking elongation at 85oC air incubation 
 
In summary, the MI test results show a higher sensitivity to detect the material’s 
structural changes than the other two tests, especially when OIT depletes to a low level.  
Therefore, the three stages of oxidation process, Stages A, B, and C, are defined using the MI 


































5.2.2 AO lifetime of P-1 and P-2 
Temperature is the widely used parameter to accelerate the aging of all polymer 
degradation mechanisms.  The results (reaction rates or failure times) obtained from the 
accelerated tests can then be extrapolated to the lower ambient temperature using the Arrhenius 
equation, see Equation (5.1).    The assumption is that the chemical degradation is controlled by 
the reaction rate (k).  By plotting the log (k) and the inverse temperature (1/T), a linear 
relationship can be found.   
In this section, different methods were applied to estimate the AO lifetime of the samples.  
The predicted values obtained from Arrhenius model will be compared with the data at room 







         
(5.1) 
where k is the reaction rate constant at each incubation temperature, A is a constant, E is 
the activation Energy (kJ/mol), R is the gas constant (8.314J/mol) and T is the incubation 
temperature (K). 
 
The lifetime of the antioxidants, which represents the duration of Stage A, is predicted 
based on the OIT reduction rate.  The lifetime of antioxidants is defined by the time it takes the 
OIT value to reach a critical value which is four minutes in water and six minutes in air for the P-
2 material.   Using the reaction rates at 85, 75, and 65oC, the Arrhenius plots of air and water 
conditions are shown in Figure 5-11.  The activation energy deduced from the slope of the curve 
for air and water conditions are 71.0 kJ/mol and 72.4 kJ/mol respectively.  The predicted AO 




Figure 5-11 Arrhenius plot of P-2 in (a) air (b) water 
 
For P-1, the critical OIT values, at which the MI retained is greater than 90%, are set at 
eight minutes for air and three minutes for water incubation.  The Arrhenius plot of P-1 air 
incubation is shown in Figure 5-12.  The activation energy obtained from the plot is 61 kJ/mol 
and the predicted AO lifetime at 23oC air is 81 years. 
 
 
Figure 5-12 Arrhenius plot of P-1 in air 
 













Arrhenius Plot For P-2 Water Incubation


















Arrhenius Plot For P-2 Air Incubation
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Arrhenius Plot For P-1 Air Incubation
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Since the OIT depletions of P-1 water incubation are expressed in a two term first order 
equation (Equation 3.4), the Time-Temperature Superposition (TTS) method is implemented to 
predict the AO lifetime.  TTS is an alternative method to analyze the test data based on the 
Arrhenius Equation.  In this method, data are shifted from different elevated temperatures to the 
reference temperature to generate a master curve.  The shift factor is expressed in Equation (5.2).  
Once the aT was deduced at each incubation temperature, the time value of each data point can 








ቁቃ      (5.2) 
where aT is the shifting factor, Tref is the target temperature (K), T is the incubation 
temperature (K), Ea is the activation Energy (kJ/mol), and R is the gas constant 
(8.314J/mol). 
 
Using the calculated reaction rates in Chapter 4, Section 4.3.1.1, the Arrhenius plot of k1 
and k2 is illustrated in Figure 5-13.  The activation energy at 23oC then can be extrapolated.  
Before shifting the data to the targeted temperature, the dominate range of the first and second 
term of the equation needs to be identified.  In Figure 5-14, the first and second term of Equation 
(3.4) were plotted in green dashed line and golden dashed-dotted line respectively.  The data were 
separated as the first term equation is close to zero. Then the points can be shifted from 85, 75 
and 65oC to 23oC using Equation (5.2).  Figure 5-15 illustrated the master curve at 23oC water 
condition.  The dotted line represents the 95% confidence line and the predicted time for P-1 to 





Figure 5-13 Arrhenius plot of k1 and k2 for P-1 water incubation 
 
 
Figure 5-14 Identifying the dominant region of first and second term of P-1 water incubation 
 
y = -8120.8x + 19.118






































Figure 5-15 Master curve of P-1 at 23oC water condition  
   
5.2.3 Service lifetime of P-2 
The service lifetime of corrugated pipe is defined as the time for a given mechanical 
property or material property to drop to 50% of its initial value which is in essence of combining 
the time of  Stage A, B, and C.  The duration of Stages B and C of the oxidation process can be 
predicted using the MI criteria defined in the above section.  The decreasing trend of MI versus 
time can be fit with a power law equation, Equation (5.3).  The MI fitting curve equations for 85, 
75, and 65oC are shown in Equations (5.4) to (5.7).  In general, the R2 value above 0.88 for data at 
85 and 75oC.  However, the R2 value of the fitted equation using data at 65oC is relatively low 
(0.502) as expressed in Equation (5.7). 





ቃ *100  (5.3) 
where f(%) is MI retained in %, t is incubation time (day), tf is the time at f(%) reaching 






















൨*100 R2 = 0.9618 (5.4) 





൨*100 R2 = 0.8839 (5.6) 





൨*100 R2 = 0.5015 (5.7)  
 
Using Equations (5.4) to (5.7), the time to reach 80% (the end of Stage B and the onset of 
Stage C) and 50% MI retained value (the end of Stage C) can be determined and the values are 
shown in Table 5-4.  The reaction rate to reach 80% and 50% MI retained values are plotted 
against incubation temperature according to the Arrhenius equation, as shown in Figure 5-16.  
The time to reach the end of Stage B and Stage C at 23oC water can be extrapolated from the two 
Arrhenius curves, and their values are 423 years and 520 years, respectively.  Therefore, the 
service lifetime of P-2 in water is 520 years. 
 
Table 5-4 Time to reach 80% and 50% MI retained in water incubation of P-2 
Temperature 
(oC) 
Time to Reach  
80% MI Retained Value (day) 
Time to Reach  
50% MI Retained Value (day) 
85 280 439 
75 868 1276 





Figure 5-16 Arrhenius plots of time to reach (a) Stage B and (b) Stage C 
 
In summary, the AO and service lifetime of P-1 and P-2 (in air and water environment) 
were extrapolated based on the criteria of the three stages.  The results are shown in Table 5-5. 
Table 5-5 AO and service lifetime of P-1 and P-2 samples 
 Condition P-1 P-2 
AO Lifetime 
Air 81 years 282 years 
Water 187 years 105 years 
Service 
Lifetime 
Water N/A 520 years 
 
 
5.2.4 AO lifetime of samples with known AO package 
5.2.4.1 AO Lifetime Prediction Using Arrhenius Equation 
Recalling the results from Section 5.2.1, the correlation of OIT, MI, and tensile test 
indicated that tensile break elongation starts to change when AO reaches 5% retained which is 
about 2 minutes.  Based on the results, the critical OIT value for CB samples is selected to be 2 
minutes. Since the extrapolated value will be compared to OIT value of the samples which were 
stored in the lab, the reference temperature was selected at 25oC.  The OIT reduction rate 





































represents the reaction rate of AO at the incubation temperature.  Using the reaction rates of 85, 
75, 65, and 55oC oven incubation of B4, B6, B8, and B10, the Arrhenius plots are constructed and 
shown in Figure 5-17.    The activation energy and predicted AO lifetime values at 25oC are 
shown in Table 5-6.  Activation energies for the AO depletion of the four samples ranges from 49 
to 57 kJ/mol.  
 
 
Figure 5-17  Arrhenius plot of B4, B6, B8, and B10 using 55 to 85oC data 
 






Predicted AO Lifetime 
at 25oC  
(years) 
B4 21.02 49.2 55 
B6 39.09 56.9 95 
B8 37.24 55.7 130 
B10 56.40 56.3 138 
 
 
y = -5922.5x + 10.829
R² = 0.99
y = -6850x + 13.617
R² = 0.9943
y = -6707x + 12.809
R² = 0.9523
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5.2.4.2 AO Lifetime Prediction Using Time-Temperature Superposition (TTS) 
One of the advantages of applying the TTS is that the method can utilize all the data 
points to extrapolate to the ambient temperature and calculate the 95% confidence limit.  In this 
section, the TTS method is used and compares the actual data points to the extrapolated values.   
Using the activation energy from Table 5-6, and Equation (5.2), data at all test 
temperatures are shifted to the reference temperature at 25oC to generate the master curve.  The 
master curves of four CB samples (B4, B6, B8, and B10) are presented in Figure 5-18.  The 
shifted data can be fitted by the first order reaction with sufficient accuracy, R2 ranges from 0.965 
to 0.984.  In addition, the 95% confidence is calculated based on all of the OIT data using the 
student t-distribution.  The two dashed lines in the graph represent 95% confidence at the upper 
and lower limits.   Table 5-7 shows the time of the samples reaching 2 minutes OIT time by the 
predicted curve and by the lower bound of the curve.  
To verify the prediction, the OIT value of the sample stored at room temperature after 
1618 days has been measured and is marked on each of the graphs.  This value is designated as 
(OIT)rt.  The (OIT)rt value of B4 and B8 (contained I-1010 only) fall within the lower 95% 
confidence of the predicted curve, as can be seen Figure 5-18 (a) and (c).  However, the (OIT)rt 
values of B6 and B10 (contained both I-1010 and I-168) fell below the 95% predicted curves, see 
Figure 5-18 (b) and (d).  The reason for such discrepancy might be related to the hydrolytic 
stability of I-168.  Due to the low relative humidity at elevated temperatures, the reactivity of 
phosphite and moisture probably are lower inside the forced air oven than at the laboratory 
ambient environment, resulting in under-predicting the AO in comparison to the actual value.  
The reaction of phosphites with moisture in the atmosphere at different degrees of humidity 






Figure 5-18 Master curves at 25oC for (a) B4, (b) B6, (c) B8, (d) B10 
 
Table 5-7 Using TTS to predicted AO lifetime to reach 2 minutes OIT 
Sample 
Predicted AO Lifetime Using TTS 
(years) 
Lower 95% Confidence Boundary 
(years) 
B4 53 35 
B6 92 63 
B8 133 81 
B10 134 79 
 
Among the four samples, B6 deviates the furthest from the predicted line, approximately 
three times the confidence interval (95% confidence line was obtained by ± one confidence 







































































compensate the slightly overestimation of AO lifetime under a forced air incubation condition, 
see Equation (5.8).  Table 5-8 shows the predicted time for B6 and B10 to reach 2 minutes OIT at 
25oC.  Both lower bound and factored values are shown for comparison.  The results show that 
the factor 2.5 can bring the predicted lifetime closer to the actual values for both samples. 
Time to reach critical OIT = Calculated time/F.S. (5.8) 
 
Table 5-8. Estimated time of B6 and B10 to reach 2 minutes OIT at 25oC in air  
Estimation Method 
Time to Reach OIT of 2 minute 
B6 B10 
Lower bound of 
3*Confidence Interval 
38.3 yrs N/A 
Lower bound of 
2*Confidence Interval 
N/A 56.9 yrs 
Factor of 2.5 36.6 yrs 53.8 yrs 
 
 
5.2.4.3 Incubation Temperature Effects on AO Lifetime Prediction 
In order to examine the effect of incubation temperature on the predicted AO lifetime, 
analysis is performed with two sets of data; one is the high temperature set including data from 
65, 75 and 85oC, and the other is the low temperature set including data from 55, 65 and 75oC.  
The Arrhenius plots and the extrapolated results are shown in Figure 5-19 and Table 5-9.  The 
extrapolated lifetime is much higher using the high temperature set than that of the low 
temperature set.  Particularly B8 and B10, the predicted values dropped from about 350 years to 
82 years.  The activation energies obtained from the high temperature set are also higher (from 72 
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to 54 kJ/mol) than the low temperature set (from 59 to 44 kJ/mol). This suggests that the high 
incubation temperatures could overestimate the service lifetime.  The only exception is B6, the 
predicted lifetime and activation energy are essentially the same for the two analyses.  The results 
suggest that adding phosphite AO not only increases the initial OIT, but also skews upward the 




Figure 5-19 Arrhenius plots of B4, B6, B8, and B10 using (a) 85 to 65oC (b) 75 to 55oC 
incubation temperatures 
(a)
y = -6494.7x + 12.459
R² = 0.9903
y = -7059.8x + 14.215
R² = 0.9874
y = -8631.2x + 18.291
R² = 0.9995
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Table 5-9 Predicted AO lifetimes and activation energies of the two analyses 
Sample 
(a) Using the high temperature set 
(85 to 65oC) 
(b) Using the low temperature set 









B4 73 54.0 55 49.2 
B6 106 58.7 106 59.4 
B8 345 71.7 82 45.2 
B10 303 69.3 81 44.3 
 
The same analysis is carried out for predicting the AO lifetime using TTS method.  All 
master curves are shown in Figure 5-20 to Figure 5-23.  The results and the lower bound AO 
lifetimes are listed in Table 5-10.  Comparing the (OIT)rt value with the corresponding master 
curve, the (OIT)rt value falls outside of the 95% confidence line when the analysis uses the high 
temperature set (only B4 data is located just below the confidence line).  Results show that the 
lower the incubated temperatures are used, the higher the accuracy can be achieved in the 
prediction for the examined HDPE materials.   
 
Table 5-10 Predicted AO lifetimes of the two analyses using TTS 
Sample 
(a) TTS Using the temperature set  
(85 to 65oC) 
(b) TTS Using the low temperature set 











B4 76.5 48.6 57.5 39.0 
B6 99.9 64.4 107.5 75.9 
B8 354.3 232.1 86.0 57.4 






Figure 5-20 Master curves of B4 (a) using the high temperature set and  
(b) using lowest 3 temperatures 
 
Figure 5-21 Master curves of B6 (a) using the high temperature set  and  









































































Figure 5-22 Master curves of B8 (a) using the high temperature set and  
(b) using low temperature set 
 
Figure 5-23 Master curves of B10 (a) using the high temperature set and  
(b) using low temperature set 
 
5.3 CONCLUSIONS 
• Chain scission is the dominating mechanism for unstabilized HDPE in aerobic environment 
while crosslinking occur in the samples expose to anaerobic condition or combined with 











































































•  AO depletion in water is faster than in air.  Depended on the type of AO, the OIT data can 
be expressed in two terms first order reaction which represents the hydrolysis and diffusion 
mechanism. 
• The phenolic and quinone types of functional groups on CB surface act as a mild AO and 
delay oxidation on unstabilized HDPE.  However, the interaction between CB and AOs 
also cause a rapid decrease of OIT, which accelerate the AO depletion period and lead to 
faster degradation.  In air incubation condition, the combination of low CB loading and 
small particle sizes outperform other CB contained samples regarding OIT retained value.  
• The effects of adding I-168, which design to function at higher temperature, not only 
increase the initial OIT and preserve the MI value, but also lead to an overestimation of AO 
lifetime prediction.  
• Correlation of properties changes among OIT, MI, and tensile were found in both custom 
made samples and corrugated pipes.  By relating the tests results, the three Stages of 
oxidation process were defined.  The critical OIT value is set when MI reached 90% 
retained, which is the Stage A.  Stage B is defined as the MI value between 80 to 90% 
retained.  The end of Stage C is identified as the tensile properties which dropped to 50%.   
• Arrhenius equation and TTS are applied to extrapolate the AO and service lifetime of 
corrugated pipe and molded plaque samples.  Based on the results of custom made samples, 
using the data of lower incubation temperature extrapolate the results much closer to the 
actual value.  Great care needs to be taken to select the incubation temperature to perform 
lifetime prediction analysis. 
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Polymer/nanoclay composites have been the focus of many research studies in both 
industry and academia for the past decade because of the potential for significant improvement of 
the material’s properties which include mechanical strength, heat resistance, flammability, and 
gas barrier (LeBaron et al., 1999; Qin et al., 2004; Yano et al., 1993; Zanetti et al., 2004; Zhao et 
al., 2005).   
For the durability of polymer/clay nanocomposites, most of the published literature 
focuses on photo-oxidation.   Qin et al., (2003) evaluated UV degradation of PE/MMT and found 
a faster degradation rate in the nanocomposite than in pure PE.  They concluded that the 
ammonium ion and the transition metal Fe3+ contribute to the acceleration effect.  Another group 
of researcher studied the photo-oxidation of stabilized PP/MMT.  They found that adding 
nanoclay and compatibilizer decreased the efficiency of the stabilizers, phenolic antioxidant and 
hinder amine light stabilizer.  The authors suggested that alkylammonium cations, metal ion of 
iron, and the adsorption of AO onto the clay are the possible reasons for the antagonistic effect 
between the nanoclay and stabilizer (Morlat et al., 2004; Morlat et al., 2005).  Other researchers 
found that adding nanoclay into polymer could increase free radical formation and lead to faster 
degradation (Dintcheva, et al., 2009; Sinha and Okamoto, 2003).  Even though there are studies 
which have investigated the degradation of polymer/nanoclay composite, few studies have focus 
on the depletion of AO in nanocomposite.   
In this Chapter, the effects of nanoclay on AO depletion of three types of primary AOs 
are being examined under water and air incubations at 85oC. 
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6.2 TEST MATERIALS AND INCUBATION CONDITIONS 
Medium density polyethylene (Chevron-Phillips HHM TR-418) with a density of 0.939 
g/cc was blended with appropriate amounts of AOs and/or nanoclay.  Because clay material is 
hydrophilic, organic treatment on the clay surface, which usually involves ion exchange between 
inorganic alkali cation on the clay surface with the added organic cation, is needed to enhance the 
compatibility with polymer and increase the interlayer spacing.  In addition to the surface 
treatment, compatibilizer is often incorporated into the polymer matrix to aid the polymer chain 
to diffuse into the galleries of nanoclay (Koo, 2006).  In this study, Nanomer I.44P (consists of 
60% montmorillonite and 40% dimethyl dehydrogenated tallow ammonium) and a 
compatibilizer, namely the maleic anhydride modified HDPE (Polybond 3009), are used.  The 
antioxidants which were selected included: phenolic AO (Irganox 1010, Irganox 1076, and 
Lowinox 22M46). 
The appropriate amount of the materials were dry blended and introduced to twin screw 
extruder to form resin pellet; and then injection molded into sample bars with dimensions of 
17.8cm (7 inches) long, 3.8cm (1.5 inches) wide and 3.1 ± 0.1mm (0.12 ± 0.005 inches) thick.  
The content of each sample is shown in Table 6-1.  
Two incubation conditions, in air and in water, at 85oC were used to evaluate the AO 





Table 6-1 Formulation of the samples 
Sample 









Chemtura Polybond 309 
(wt %) 
F-1 0.3 -- -- -- 2.0 
F-2 0.3 -- -- 4.0 2.0 
F-3 -- 0.3 -- -- 2.0 
F-4 -- 0.3 -- 4.0 2.0 
F-5 -- -- 0.3 -- 2.0 
F-6 -- -- 0.3 4.0 2.0 
 
 
6.3 TEST RESULTS AND DISCUSSIONS 
The initial OIT values of all samples are shown in Table 6-2.  For samples without 
nanoclay (F-1, F-3, and F-5), F-1 (with I-1010) exhibits the highest initial OIT followed by F-3 
(I-1076) and then F5 (Lowinox).  Since amounts of AOs added in the samples were calculated by 
weight percentage, the number of AO molecules contained in the matrix is different for the three 
AOs.  The molecular weights, the number of functional group per molecule, and the number of 
mole per 1000g of MDPE for the three AOs are listed in Table 6-3.  The active hydroxyl group in 
F-1 is about twice that of the F-3 due to the different number of functional group in the molecule.  
However, the initial average OIT of F-3 is less than half of the F-1.  Results indicated that the 
consumption of I-1076 during extrusion is higher than I-1010.    As for the samples with 
Lowinox, F5, the number of the hydroxyl functional group should be the highest amount the three 
AOs, but the initial OIT is about the same as the samples with I-1076.  The low OIT of F-5 may 
be explained by the volatility of Lowinox.  According to the technical data sheet of Lowinox, a 
25% weight loss was recorded at 210oC under nitrogen gas, which implied that the volatility of 
Lowinox is higher than the other two.  Since the temperatures in various extrusion zones ranged 
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from 210oC to 250oC, it is possible that a considerable amount of AO was evaporated during the 
extrusion process, resulting in a lower initial OIT value.   
The uniformity of AO distribution was evaluated by the initial OIT profiles and they are 
shown in Figure 6-1.  A curved profile was found in F-5 sample while F-1 and F-3 showed an 
evenly distributed curve.  The curved profile of F-5 confirmed that a higher amount of AO loss 
through the surfaces and the uneven distributed AO might also be the reason of the high variation 
of the bulk OIT, 29.2% of COV in F-5 compared with 1.7% in F-1 and 4.5% in F-3.   
Adding nanoclay into the samples slightly decreased the initial OIT, especially in F4 (I-
1076) and F6 (Lowinox).   The OIT profiles of the three nanocomposite samples are shown in 
Figure 6-2.  Evenly distributed AO were found in F-2 and F-4; however, a much less noticeable 
curved profile was observed in F-6 compared with F-5. 
 




















F-1 0.3 -- -- -- 67.9 1.13 1.7 
F-2 0.3 -- -- 4.0 65.1 0.66 1.0 
F-3 -- 0.3 -- -- 21.6 0.97 4.5 
F-4 -- 0.3 -- 4.0 15.1 0.54 3.6 
F-5 -- -- 0.3 -- 21.3 6.21 29.2 
F-6 -- -- 0.3 4.0 15.3 2.40 15.7 
 
Table 6-3 The three AOs properties and number of mole contained in the samples  
AO 




Number of mole per 
1000g of MDPE 
I-1010 1178 4 2.55 x 10-3  
I-1076 531 1 5.65 x 10-3 





Figure 6-1 Initial OIT profile of F1, F3, and F5 
 
 







































6.3.1 AO Depletion Behavior 
6.3.1.1 Air Incubation 
AO depletion trends of the samples with and without nanoclay at 85oC oven were plotted 
in terms of bulk average OIT retrained percentage and OIT minutes, see Figure 6-3 and Figure 
6-4, respectively.  Results of the samples without clay (F-1, F-2, and F-3) showed different 
depletion trends for the three AOs.  For F-1, OIT decreased rapidly for the first 30 days and then 
remained at about 50 minutes up to 180 days.  The OIT of F-3 remained essentially unchanged 
for 180 days while F-6 exhibited a continuously decreasing trend.   
For nanocomposite samples, a rapid decrease of bulk average OIT was found for F-2, F4, 
and F6, indicating a strong interaction between AO and the nanoclay, see Figure 6-4.  After 30 
days of incubation, the OIT was dropped to ten minutes or below in all three samples.  Moreover, 
the OIT thermal curves of the aged samples showed multiple slopes after the onset of the 
oxidation, regardless of the types of AO.  This suggests the AO distribution within the samples is 
not uniform (Shan et al., 2010).  Due to the multiple slopes, the bulk OIT can no longer represent 
the overall OIT of the sample.  A set of un-aged and aged F-2 DSC plot were superimposed in 





Figure 6-3 AO depletion trend of samples without nano clay at 85oC oven  
(a) OIT retained percentage versus time (b) OIT vs. time  
 
 
Figure 6-4 AO depletion trend of samples with nano clay at 85oC oven  

























































































Figure 6-5 F-2 DSC curves of initial and aged samples 
 
Because of the distinct behavior of each AO, and the uneven distribution of AO within 
the samples, OIT depletion trends are discussed based on type of AO and AO profiles. 
 
Samples with I-1010 
In Figure 6-6, OIT profiles of F-1 show the aged samples exhibit a parabolic curve with 
higher OIT at the surface, which indicates surface blooming occurred.  Furthermore, after 61 days 
of incubation, a layer of fine particles were observed on the surfaces of F-1 sample, see Figure 
6-7.  It is suspected that the 0.3%wt of I-1010 may be higher than the solubility limit of the 
polymer matrix, creating a super-saturated condition which led to blooming and phase separation 
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of AO to the sample surface.  In order to verify the chemical of surface fine particle, FTIR was 
used to analyze the surface particle; the resulted spectrum is then compared with that obtained 
from I-1010.  Figure 6-8 shows the initial and 61 days oven incubated F-1 surface along with the 
I-1010 powder’s spectra.  The overlapping spectra of I-1010 powder and 61 days sample proofs 
that the particles on the aged F-1 sample surface are I-1010.  Viebke et al., (1996) also found 
particles containing antioxidant at the surface of the MDPE pipe wall during incubation at 95 and 
105oC.  The AO concentration of their pipe was 0.3 wt%. 
After one year of incubation, the surface blooming phenomenon seems to stabilize (17 
minutes OIT dropped at the mid-section for the first 365days, while only 5 minutes OIT 
decreased between 365 days to 735 days).  The dome-shape profiles also subsided as the 
incubation continues, see Figure 6-6.   At 735 days, the OIT value stayed at about 40±6 minutes 
across the thickness, except the one point at the surface.  Results might indicate that an 
equilibrium or saturated state was reached in the AO/MDPE matrix. 
 


















F1_0 day 30 days 120 days 181 days








Figure 6-8 FTIR spectra of the initial F-1surface, F-1_61 days at 85oC oven, and I-1010 powder 
 
For F-2, a symmetrical table top profile was found throughout the aging period, see 
Figure 6-9.  The OIT at the two surfaces dropped from 65 minutes to about 3 minutes in just 60 
days of aging, showing a strong interaction of nanoclay, AO, and oxygen. The AO profiles 
were mainly affected by three major parameters: AO migration rate, oxygen diffusion rate, and 
AO consumption rate. The present of oxygen and nanoclay might cause the high AO 
consumption at the two surfaces.  As mentioned in the introduction, an antagonistic effect was 
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found between stabilizer and nanoclay due to the alkylammonium cations or transition metal on 
the clay surface.  With oxygen, the rate of free radicals formation might be accelerated, 
therefore the consumption rate of AO also increased. Since the rapid decreasing AO sections 
only limited to a relatively small portion at the surface of the sample, the profile indicated that 
the oxygen diffusion rate might be slowed by the nanoclay platelets, reducing the oxygen 
penetration depth and resulting in a table top profile instead of a parabolic curve.  The evenly 
distributed AO in the core of the aged sample suggests that the mobility of I-1010 was limited 
by the nanoclay.  As for the constant decrease of OIT in the middle section, it might be caused 
by some of the free radicals propagated inward.  The reaction rate of free radicals and the 
migration of AO might be similar, resulting in a horizontal profile in the middle.  However, 
further study is needed to understand the AO depletion mechanism at the interior of the sample. 
 
 


















F-2 Original 30 days 62 days
120 days 181 days 817 days
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Samples with I-1076 
Figure 6-10 (a) shows an even distributed profile for F-3 (with I-1076 only), illustrating 
no or little AO loss after 120 days in the oven and no surface blooming being detected on the 
surface of the samples.  Results indicate I-1076 is more compatible with the polymer matrix (due 
to the linear structure of I-1076, see Appendix A) than I-1010, and it is more effective to retain 
within the polymer matrix.     
With nanoclay, F-4, similar OIT profiles as F-2 are observed, see Figure 6-10 (b).  The 
OIT at the surface after 60 days of incubation decreased to about 3 minutes.  However, the core 
OIT increased initially and then decreased.  The increased OIT suggests that part of the AO might 
be trapped in the nanoclay galleries.  During aging at the elevated temperature, AO might slowly 
release out to polymer matrix and led to an increase of OIT.  Once all the trapped AO released, a 
noticeable OIT decreasing trend was observed.  The curve shape distribution might indicate that 
the mobility of I-1076 might be slightly higher than I-1010 within the nano composite.   
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Samples with Lowinox 
Samples with Lowinox reveal a different depletion behavior than I-1010 and I-1076.  
Distinct parabolic curves were observed for aged and unaged samples as well as with and without 
nanoclay, Figure 6-11.  For F-5 (with AO only), continuous decreasing parabolic curves were 
found in the profile showing AO migrated from the core section outward.  Results demonstrate 
the AO is consumed or evaporated through the two surfaces.   
A dramatic increase of the OIT value in F-6 was observed in the core section for the 
initial 60 days, Figure 6-11 (b).  Unlike F-2 and F-4, a parabolic curve was found for all aged 
samples of F-6, showing a higher AO loss at the surfaces.  As mentioned above, a considerable 
amount of AO evaporated during the extrusion process due to high temperatures.  It is possible 
that the AO in F-6 matrix was adsorpted/trapped by the nanoclay, preventing it from being 
evaporated during the extrusion process and preserved into the polymer matrix.  Therefore, the 
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6.3.1.2 Water Incubation 
Figure 6-12 and Figure 6-13 show the AO depletion trends in 85oC water for samples 
with and without nanoclay, and the depletion behavior varied with the type of AO. For F-1, OIT 
decreases continuously with the incubation time, while F-2 exhibits only slight decreases of OIT 
after 180 days.  Unexpectedly, OIT values of the sample with Lowinox rise continuously for the 
first 180 days samples; this behavior is contrast to that of the air aging.  For samples with 
nanoclay, all samples exhibit some degree of increasing OIT; the magnitude varies with the type 
of AO.  F-2 shows the least increase and the greatest AO decrease during 200 days of incubation, 
suggesting it is the most susceptible for hydrolysis among the three AOs.   
 
Figure 6-12 AO depletion trend of samples without nano clay at 85oC water  
(a) OIT retained percentage versus time (b) OIT vs. time 
 
Figure 6-13 AO depletion trend of samples with nano clay at 85oC water  





























































































Samples with I-1010 
The OIT profile of F-1 in water shows a parabolic curve with slight AO blooming effect 
at the surface, Figure 6-14. The parabolic profile is expected due to the hydrolysis of I-1010 
which was also observed in Chapter 2.  The slight blooming effect might caused by the 
supersaturated AO condition.  For the nano composite samples, increases of OIT across the 
thickness occur in the first 30 days, which reached the maximum at about 100 minutes.  Then the 
OIT starts to decrease slowly but steadily.  Results indicate a chemical reaction took place at the 
beginning of the incubation, accelerating/starting the release of AO which was adsorped/trapped 
on the clay.  Since there is little oxygen content in the water at 85oC, the released AO did not 
react/consumed with oxygen which emphases the increase.  At the same time, AO leached out of 
the sample at the surface, showing a slightly curved profile.  Since the oxygen content in the 
water is less than in air, the table top shape profile of F-2 is less noticeable.  
 
 



















F-2_0 day 17 days 30 days 90 days

















F1 Original 15 days
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Samples with I-1076 
The migration of I-1076 is faster in water than in air.  In water incubation after 120 days, 
OIT of F-3 at the surfaces are slight lower than the middle section, indicting the AO slowly 
reacting with water at the surfaces, Figure 6-15 (a).  Regarding samples with nanoclay, an early 
restoration of AO also occurred in F4, see Figure 6-15 (b).  However, comparing with F2, a 
longer sustainable time was observed; OIT of aged samples up to 353 days  are higher value than 
the initial OIT.  The OIT profiles in the first 60 days are very similar showing a relatively evenly 
distributed AO in the polymer.   However, after one year of incubation in water, AO near the 
surfaces exhibited depletion.  
 
Figure 6-15 OIT profiles of (a) F-3 (b) F-4 at 85oC water 
 
Samples with Lowinox 
The OIT profiles of samples contained Lowinox are shown in Figure 6-16.  Surprisingly, 
F5 (with AO only) exhibit a higher OIT values across the thickness of the sample even after 120 
days.  The reason for such is unknown.  In addition, a strong discoloration was observed in aged 
samples, Figure 6-17.  Although F-1 and F-3 also showed a slight yellowing effect, F5 developed 
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is mainly caused by quinonoidal compounds which were formed during oxidation or reaction 
with free radicals (Pospíšil, 1980).  Although no color index analysis was performed in this study, 
discoloration is one of the important factors for selecting AO to add into a product.  In this aspect, 
I-1010 and I-1076 perform better than Lowinox. 
For the OIT profiles with nanoclay, F-6, the OIT values significantly increased from 28 
to around 45 minutes in the first 60 days.  As stated in the air incubation section, Lowinox might 
be trapped by nanoclay which prevents it to evaporate during processing.  Aging in water at 
elevated temperature allows the trapped AO released into polymer matrix resulting in an increase 
in OIT value.  However, further study need to be done to understand the mechanism. 
 
 









































Figure 6-17 Aged and un-aged samples of F-1, F-3, and F-5 
 
6.4 CONCLUSIONS 
Based on the preliminary study on the AO depletion and the interaction between AO and 
nanoclay, the following conclusions are drawn: 
• In samples without nanoclay, I-1076 outperforms the other two AOs in air and water 
conditions; partly because of the linear AO structure is more compatible with the polymer.  
The concentration of 0.3 wt% of I-1010 is proven to be an excessive amount to add into the 
polymer matrix, causing phase separation and surface blooming.  The volatility of Lowinox is 
higher than the other two AOs, resulting in high AO loss during extrusion and oven 
incubation. 
• The nanoclay plantlets in the composites, limits the diffusion of oxygen into the polymer, 
causing higher AO consumption at the two surfaces.   
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• I-1076 and Lowinox are suspected to be trapped in the galleries of nanoclay, but can be 
released during aging at an elevated temperature in both water and air incubation conditions, 
resulting in an increase in OIT at the core section of the sample. 
• No rapid AO loss at the surface during early incubation was found in the nanoclay samples 
subjected to water condition due to lack of oxygen content in water.  However, substantially 
higher OIT values were found in the samples containing I-1076 and Lowinox, showing a 
positive hydrolytic effect.  The reason for this phenomenon is unclear at this point. 
 
 
6.5 FUTURE STUDY 
Several suggestions for future research are listed as follow: 
1. This research is using elevated temperatures (from 85 to 55oC) to accelerate the oxidation 
process.  The results indicated the degradation mechanism at 85oC might be too high, so the 
AO lifetime was over estimated.  Low temperature high oxygen pressure test should be 
further investigated for an alternative test method in the future study.  A set of low 
temperature pressure test in oxygen atmosphere were performed on P-2 in the earlier stage 
of the research, the results showed that the temperature and pressure can be reduced to 
below 55oC and 180 psi, see Figure 6-18.  From the preliminary results, the oxygen 
pressure seems to have a greater effect than temperature (comparing 65 and 55oC 400 psi 
data).  Series of testing conditions will be needed to investigate the AO depletion behavior 
at different pressures and temperatures, the linearity of the Arrhenius plot, the applicable 
range of the conditions which will be the best to represent the field situation, and the 





Figure 6-18 OIT depletion curve of P-2 in pressure tests 
 
2. From Chapter 4, a slight oxidized layer was found at the inner pipe caused by the 
manufacturing process.  This layer seems to affect the AO profile which led to different 
oxidation rate on the two sides of liner.  However, the impacts of this effect on AO lifetime 
or tensile properties are not able to evaluate.  In order to study this effect, two set of pipe 
with known AO formulation and CB type can be extruded in two conditions: one is cooled 
by air which is a normal procedure and the other is cooled by nitrogen to prevent oxidation.  
Both pipes will be subjected to same incubation condition to evaluate the AO depletion 
trends, AO distribution profiles, and tensile properties changes.  The results will reflect 
how the oxidized layer affects the lifetime of the pipe.   
3. Another evaluation can be made using the same set of pipe material which was discussed 
above: polymer orientation effects on chemical and mechanical properties of extrusion 
sample and compression molded plaque samples.  During extrusion, the molten polymer is 
being blown into the pipe mold, orientation most likely will be generated by the flow of the 























and tensile properties.  However, little/no orientation is generated by compression molding.  
Since many laboratories testing use compression molded sample to evaluate the material 
properties, a comparison study on the extrusion and compression sample can examine the 
effects on the two processes. 
4. The positive effects of hydrolysis in nano composite could be beneficial for drainage 
applications.  Water/air cycle environment will be an interesting test condition to consider 
for future study.  If the AO that is trapped within the nano gallery can be released by the 
hydrolysis in water cycle, the additional AO might be able to compensate the AO loss at 
the surface.   
5. Further investigation of tensile properties of nano composite during long term aging is 
suggested.  Due to the rapid loss of AO at the surfaces, oxidation might occur and surface 
crack might be formed and reduce the tensile strength of the material. 
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Appendix  B 
 
Tensile Test Data of B1 to B10 
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Appendix  C 
 
Tensile Test Data of P-1 and P-2 
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